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ABSTRACT 


The increasing attention given to aerodynamically generated noise 
brings into focus the need for quality experimental research in this 
area. To meet this need several specialized anechoic wind tunnels have 
been constructed. In many cases, however, budgetary constraints and 
the like make it desirable to use conventional wind tunnels for this 
work. Three basic problems are inherent in conventional facilities, 
high background noise, strong frequency dependent reverberation effects 
and unique instrumentation problems. This report critically evaluates 
the known acoustic characteristics of several conventional wind tunnels 
and presents new data obtained in a smaller 4- x 5-foot wind tunnel 
which is convertible from a closed jet to an open jet mode. The data 
from these tunnels serve as a guideline, for proposed modifications to 
a 7- x 10-foot wind tunnel. Consideration is given to acoustic treat- 
ment in several different portions of the wind tunnel. Model scaling, 
data reduction techniques and instrumentation requirements are reviewed 
It is concluded that meaningful acoustic data can be obtained in 
conventional wind tunnels but only under specific conditions. The 
overall technique will require a careful balance of acoustic treatment, 
selection of proper model scaling and specialized experimental techniques 


and data reduction schemes. 



I. INTRODUCTION 


The subject, of aerodynanii cally generated noise is becoming increas 
ingly important, from both a military and civilian point of view. It is 
expected that the full utilization of helicopters and other V/STOL 
vehicles will depend on the ability to operate at acceptable noise 
levels. One feature of the overall problem is the radiation of noise 
from rotors, propellers, fans and other rotating devices. 

Recent advances have been made in the theoretical analysis of 
this problem but there is still a great need for meaningful experi- 
mental data. This fact is underscored when one notes that current 
rotor noise theory requires detailed aerodynamic data as input. In 
order to obtain meaningful experimental data in this area, careful 
attention must be paid to modelling the aerodynamics of a given 
problem under controlled conditions in an environment which is suit- 
able for acoustic measurements. This implies that experimental 
research of this type is an order of magnitude more difficult than 
standard aerodynamic tests since not only is dynamic similitude 
necessary but the resulting acoustic signal must be received undis- 
torted and reasonably free of background noise. 

In order to obtain experimental measurements of all types of 
aerodynamically-generated noise under controlled conditions the 
acoustician or aerodyn ami cist is resorting more and more to the use 
of wind tunnels. Powered models or air jets have been installed in 
the test section of both open and closed throat wind tunnels and noise 
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measurements taken with microphones mounted both internally and 
externally to the tunnel. Most of these investigators will probably 
admit that such measurements are questionable; certainly on an absolute 
basis and possibly even on a relative basis. The reasons for the 
uncertainty in the measurements arise from several causes. First, 
one is faced with the background noise level which is present to 
varying degrees in wind tunnels. This arises from various mechanical 
sources associated with the wind tunnel fan and its power source; it 
also results from noise generated aerodynamically by flow separation 
from various parts of the circuit or from secondary or periodic flows 
produced by the turning vanes; it is also produced by turbulent 
fluctuations in the shear layer along the interior walls of the tunnel 
or; in the case of an open jet, in the boundary between the jet and 
the surrounding air. 

Another problem arises from the reverberation produced by the 
confining and reflecting tunnel walls. Any noise signal produced by 
the object under study will propagate to the various tunnel components 
and will be reflected and scattered which results in a distorted 
signal at the receiver. 

One other problem with obtaining reliable noise measurements in 
a wind tunnel concerns the scaling of the noise measurements obtained 
with the model in order to predict the levels which would be produced 
by the full sized machine. Assuming certain scaling parameters to be 
constant, one can make predictions, for example, of how the noise of 
a given geometric rotor design will vary with the rotor size. However, 
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if the model of this rotor is fairly small then one must be concerned 
with Reynolds number effects, which could appreciably alter the noise 
characteristics of the rotor (for example, that noise produced by 
vortex shedding) . A summary of some of the problem areas is given in 
Table I. 

The objective of this study is to critically evaluate the state 
of the art in experimental aeroacoustic research and to provide base- 
line data applicable to rotor noise studies currently underway. Three 
clearly different avenues of approach are open to investigation; 
design and build a completely new facility featuring specially designed 
acoustic treatment for low background noise levels and incorporating an 
anechoic test section, modifying an existing wind tunnel or the use of 
a conventional wind tunnel in its present configuration. 

The approach taken during this studv consisted of two phases: a 
review of the "state of the art" and some initial experimentation 
and design computations to determine the feasibility of making noise 
measurements in a conventional 7- x 10-foot subsonic wind tunnel with 
suitable acoustic treatment. Various aeroacoustic facilities were 
visited to determine their operational characteristics and to provide 
baseline data for a design study. A survey of available theory was 
made to determine if an adequate theoretical foundation was available 
for design computatioiis . It was concluded that supplementary experi- 
mental data was required. Such data were obtained in a 4- x 5-foot 
wind tunnel of plywood construction which is convertible from a closed 
jet section to an open jet with anechoic chamber configuration. This 
tunnel is presently in the development stage and thus complete 
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operational characteristics are not available. However, this 
configuration allowed determination of the effect of changes in test 
section configuration on reverberation and background noise in 
•addition, temporary treatment at the tunnel elbows allowed the 
collection of data on the effects of treatment in these areas on 
reverberation characteristics. This work was supplemented by a 
review of experimental methods and correlation techniques which may 
aid in overcoming the acoustic disadvantages of a wind tunnel. 
Emphasis was placed on dovetailing the findings of this study with 
the current USAAMRDL rotor noise effort. 
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II. PRESENT STATUS OF EXPERIMENTAL AERO ACOUSTIC RESEARCH 

A e'roacoustic Facilities Visited 'During this Study 

Five different aeroacoustic facilities have been visited and 
evaluated. The variation in facility design objectives provide a 
broad cross section of current thought in acoustic testing, ranging 
'from a multi-million dollar anechoic wind tunnel designed for some 
particular types of experiments to the modification of an existing wind 
tunnel for rotor noise studies. Some of the pertinent details and operating 
characteristics are summarized in Table II. A detailed description of 
various facilities is given below: 

N SRDC Anechoic Wind Tunnel . - To date, the NSRDC wind tunnel represents 
the most elaborate attempt to develop a facility for flow noise experi- 
mentation. A plan view of this wind tunnel is shown in Figure 1. The 
unique features are provisions for both a partially treated closed jet 
and open jet test section and special mufflers at the inlet and outlet of 
the fan. Both test sections are eight feet square. The open jet test 
section is enclosed by an anechoic chamber which is provided with two 
foot: deep wedges designed to provide good sound absorption down to 150 Hz. 

A maximum design speed in the test section of 200 fps has been exceeded 
because the aerodynamic efficiency of the tunnel is better than expected. 

The tunnel is fabricated out of concrete to eliminate vibrational 
problems associated with steel panels. Its foundation is isolated from 
the bedrock, to eliminate structure borne noise from other wind tunnels, 
etc., which are located at NSRDC. Acoustic isolation joints are provided 
throughout the tunnel. In addition to the anechoic chamber and mufflers, 
acoustic treatment is used on the walls in selected areas and the convex 
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sides of the turning vanes are treated with acoustic dampening material 
to prevent "singing". Special consideration was made in the fan design 
to optimize diameter, rotational speed and blade strut configuration 
for minimal noise output. Other than the special features incorporated 
for noise studies, the tunnel circuit is of fairly standard design as 
shown in Figure 1. 

The "cross-section is generally rectangular with corner fillets. 
These have been provided to remove undesirable secondary flows which are 
present in the corners of square cross-section channels. 

One problem that the. authors have determined will occur in this 
facility is due to the constraints put on measurement locations by the 
relatively small size of the anechoic chamber and length of the open 
jet. This chamber is only 2.8 x 2.8 x 2.3, wavelengths at 150 Kz. 

Noise measurements -are constrained by staying at least one wavelength 
away from the source and one-quarter wavelength away from the wedges of 
the anechoic chamber. To prevent scattering effects, measurement 
positions should be selected that avoid the regions adjacent to the 
collector and the nozzle. The distance between the collector and the 
nozzle set an upper limit on the maximum included angle for measurement 
of directivity patterns. In the NSRDC tunnel 72° out of a possible 180° 
can be measured. The anechoic chamber is designed for absorption down 
to 150 Hz. At this frequency additional constraints of being 1/4 wave- 
lengths away from treated surfaces results in even further limitations 
on the directivity measurements. If a source of finite size is used 
there is no position in the anechoic chamber where accurate measurements 
can be made at 150 Hz. In fact, assuming a reasonable size model, 
accurate data probably cannot be collected belov; 350 Hz to 400 Hz 
without violating one or more of the usual constraints. Therefore, low 
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frequency measurements are limited by the geometry of the test section 
rather than the acoustic treatment. In this case a wedge designed for 
a higher cut-off frequency would have allowed greater utilization of 
the given space. 

A similar problem can possibly occur in the closed test section of 
this facility which is untreated. There is, however, five feet of acoustic 
treatment at the nozzle of the open test section. This, treatment is 
provided to attenuate the noise that is entering the open test section. 

The remainder of the closed test section upstream of the open jet 

t 

nozzle is fabricated out of concrete. The fact that the walls are 
untreated severely limits the frequency over which measurements can 
be made. The cited constraints are typical limits to lew frequency 
...noise measurements in all the -tunnels studied. However, they are 
••discussed here because these problems will be critical in the NSRDC 
tunnel because of the relatively small size of the anechoic chamber. 

The incorporation of a closed test section probably limited to some 
extent the size of the anechoic chamber. Whether this resulted in a 
balanced design is questionable. 

Careful attention was given to the design of the mufflers from 
both an aerodynamic and acoustic point of view. The. mufflers consist 
of two sinuous baffles in the middle of the muffler and one along 
each concrete wall. The baffles have perforated zinc-coated steel 
.sheet facing with 20 percent open area that is backed with acoustic 
absortive material. These were designed for the attenuation of fan 
noise, particularly in the low frequency range. The profile of the 
muffler walls was selected to minimize wake and turbulence generation 
which could compromise the quality of flow in the test section. 
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A 1/8 scale wind tunnel model was used to verify the aerodynamic 
design. The most sifnificant problem area which showed up in the model 
tests was a bad flow separation at the collector cowl in the open jet 
test section. A redesign of the cowl cured this problem. The collector 
was redesigned to reduce the size of the secondary vortex so that 
interactions between it and the nozzle were greatly reduced. 

Overall-, the KS'RDC wind -tunnel ‘i's fairly well designed and 
incorporates latest design philosophy. However, there is some evidence 
of cost constraints which compromised the usefulness of the facility 
In particular, the anechoic test section is relatively small. Its 
geometric constraints do not allow accurate measurements at the cut- 
off frequency. There is also some evidence that the cross sectional 
area in the muffler region is- relatively small creating higher than 
-desirable flow vaioci ties 'in '‘this region and the possibility of "‘flow 


noise. 
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United Aircraft Research Laboratories Acoustic Wind Tunnel . - This 
facility, although not as elaborate as the NSRDC tunnel, is also 
designed specifically for aerodynamic, noise studies. As shown in 
Figure 2, it has an open jet test section located within a 16 ft. high 
by IS ft. x 22 ft. anechoic chamber, lined with 12 inch acoustic wedges, 
capable of sustaining differential pressures up to one-third of an 
atmosphere. The geometry and area of the test section can be adapted to 
a variety of requirements by use of alternate final nozzle contraction 
sections and jet collector pieces. Operating with an open jet length 
of 4.5 ft. and a test section area of 5 sq. ft., the tunnel is capable 
of a maximum test section velocity of 650 ft/sec (Mach number 0.61). 

This condition produces a maximum Reynolds number of approximately 4.0 x 

g 

10 per foot. The maximum test area is 10 sq. ft. with a corresponding 
maximum testing velocity of 300 ft/sec. 

A large low-velocity inlet of square cross section has been provided. 

A honeycomb section is located immediately downstream of the bellmouth of 
this inlet to suppress large eddies. Honeycomb cell size is one-eighth 
inch, giving an effective length to diameter ratio of 144 in each cell. 

Up to seven removable turbulence screens can be inserted in the flow 
path downstream of the honeycomb, with minimum turbulence achieved by use 
of screens having a pressure drpp coefficient of 1.6 q. After contraction 
through an area ratio of 16:1, minimum turbulence levels of 0.05% can be 
achieved in the test section. Higher turbulence levels, for tests requiring 
controlled turbulence levels, ar.e achieved by the installation of turbulence 
rods in the airstream. 

The anechoic chamber housing the tunnel test section permits measure- 
ments in the far field of sound generated in the test section. All surfaces 
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of this chamber are lined with commercial acoustic fiberglass wedges 
having a large normal absorption coefficient for medium and high-frequency 
incident sound (a = .99). The low frequency free-field cutoff condition, 
determined by wedge geometry, is set at 250 Hz for this chamber. The 
wedges were formed by fiberglass blankets of varying length. 

The air supply system consists of a 1500 hp induction motor driving 
-a -single -stage-, backward curved vane, centrifugal fan. The fan speed is 
1800 rpm with flow rate controlled by variable vanes located in the fan 
exit. Low ambient noise levels in the anechoic chamber are achieved by 
use of a muffling section between the fan and the diffuser. The muffling 
section consists of two acoustically lined corners located between two 
additional parallel baffle sections. Resulting fan attenuation varies 
from a minimum of 30 db (low frequency) to a maximum of 60 db over the 
frequency .ran-ge of 25 to 10,000 Hz. A three-stage diffuser is located 
upstream -from the muffling section. Diffusion through a total area ratio 
of 5.6 is achieved by the use of a cylindrical settling section between 
two conical diffusing stages. 

Provision has- been made for supporting a variety of models within the 
airstream. When isolated airfoils or cascades are to be tested, a test 
section with two hard closed walls (to support the model) and two open 

r 

sides (to allow the noise tc radiate out) is provided. Power is available 
for driving propeller and compressor models immersed in the airstream. 

An instrumentation and control room, adjacent to the anechoic chamber, 
houses required recording and analysis equipment. 

One operational problem did crop up in the initial use of this 
facility which is of interest. A strong edge tone was encountered 
whose magnitude is a function of the distance between the nozzle and the 
collector cowl. The strong dependence on this length parameter is easily 
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understood, if one considers the feedback mechanism involved with a 
disturbance originally generated at the nozzle lip being convected 
downstream in time to impinge on the collector cowl and generate a 
new disturbance which propagates back in phase with another disturbance 
being generated at the nozzle. Obviously the phasing of this feedback 
loop can be adjusted by changing the length at a constant velocity. A 
"fix" in the case was found through the use of serrations, at the nozzle 
lip very similar to the leading edge devices being tried for the reduction 
of rotor noise. The exact nature of the problem is depicted in a recent 
paper by Patterson, et al. (1)*. Figure 3 is reproduced from this paper 
and illustrates the tab arrangement investigated. Also plotted in this 
figure is the effect of the tabs on the background noise spectrum. 

Without the tabs the inter-collector resonance can be seen in the' 
.frequency range from 30 Hz to 1000 Hz. With 20 tabs around the nozzle 
lip this effect is considerably reduced. However, above 3000 Hz these 
tabs generate noise and increase the overall background noise by approxi- 
mately 3 dB. /mother type of "fix" for the inter-collector resonance 
problem could be an arrangement for varying the open jet test section 
length. Plotted in Figure 4, reproduced from Patterson, et al. (1), is 
the effect of test section length on tunnel background spectra. It is 
seen here that the background noise decreases with decreasing test section 
length, which improves the signal to noise ratio. However, a minimum 
test section length exists for a given experiment below which interference 


* Numbers in parentheses refer to reference numbers. 
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with directivity patterns occurs. This effect precludes the use of 
varying test section length to reduce inter-collector resonance. 

Another problem typical of an open jet test section is the deflection 
of the jet by a lifting system model. This deflection will cause higher 
velocity portions of the shear layer to impinge on the collector. This 
will be an important noise source as shown by Patterson, et al. (1) in 
Figure 5. For a four degree deflection, which is a moderate defiectioh 
when considering testing of V/STOL lifting systems, a 10 dB increase 
in background is observed. It wns concluded that the effect is minimized 
by using a large area jet collector. However Heyson (2) suggests deflections 
of up to 30° are possible with model helicopter rotors. This large a 
deflection could not be minimized even with a reasonably large area 
collector and is considered, by the authors, an inherent problem associated 
with open jet test 'sections. Another -problem associated with the jet 
deflection is the fact that there will be a recirculation in the test 
section that could be ingested through the model rotor causing the model 
noise to increase considerably. This would create an inaccurate 
prediction of full-scale rotor noise. 

A further problem incurred with an open jet is shear layer refraction. 
The findings at UAKL indicate that shear layer refraction effects are 
important in interpreting open jet a.cpustic data. Work is being done at 
UAKL on an analytical method to provide corrections to the measured data. 
Since the refraction is a function of the type and orientation of the 
source, a correction for most practical experimental sources will be 
difficult. More will be said about this problem in the folloxving section. 

A disadvantage of the open return configuration of the UAKL wind 
tunnel is that outside background noise could cause problems. Background 
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noise of the surrounding area, such as trucks and aircraft-,, has a direct 
airborne path to the test section, since it is open to the atmosphere. 

This type of background noise is intermittent and uncontrollable. The 
study at UARL reports that the atmospheric conditions have a negligible 
or correctable effect on the aerodynamic properties of the tunnel, but 
no consideration is given to the background noise from sources other 
than the wind tunnel. 

MIT Acoustics and Vibration Laboratory Anechoic Wind Tunnel . - This 
facility is rather moderate in both size and cost when compared with the 
two previously cited tunnels. However, it does represent a benchmark in 
experimental noise research since it appears to be. the first wind tunnel 
designed specifically for this application in this country. An elevation 
view of the wind tunnel is shown in Figure 6. In a manner similar to the 
'UARL tunnel, an open circuit design is used. Flow enters a 67 inch =puare 
settling chamber having a honeycomb fabricated from soda straws and 
several sets of screens. Tne honeycomb serves as a flow straightener and 
as a muffler. A nozzle of 20:1 contraction ratio is used to provide a 
15 inch x 15 inch jet of low turbulence air in the test section which is 
maintained at below atmospheric pressure. Provision is made for both 
open or closed jet operation. In the open jet. configuration the flow 
is collected by a cowl and is diffused in a combination muffler-diffuser 
wherein it enters the inlet section of a 20 hp blower. The muffler is a 
cruciform wedge placed in the circular diffuser duct. This blower and 
associated drive motor is mounted on a concrete block which is isolated 
from the building foundation. A turbulence level of less than 0.1% 
is achieved in the jet. The test section is enclosed by a concrete 
block room which serves as either an anechoic chamber or reverberant room. 
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This convertible arrangement is achieved by simply removing the acoustic 
treatment from the hard walls. 

The diffuser-muffler in this wind tunnel was designed to attenuate 
blower noise before it reaches the test section. The overall interior 
dimensions and flow resistance of che fiberglass lining are set to 
produce quarter wavelength effects over the range of the blade passing 
frequency, 150 Hz to 300 Hz. The transmission loss of the muffler and 
diffuser, as reported by Hanson (3), is shown in Figure 7. The maximum 
transmission loss occurs at 320 Hz, this corresponds to an attenuation of 
nearly 4 dB per foot of duct. This muffler has good attenuation 
characteristics through moderately high frequencies. However, high 
frequency noise could still be heard in the test section. This was 
eliminated when the downstream honeycomb was installed. This effect 
was attributed to- the- hi ch frermonpv attenuation charflcfe.ri.cfi pa- -of •<■*>» 
soda straws. 

A problem that came up in the background studies of this tunnel was 
an unacceptable high background noise level with the reverberant chamber 
in the frequency range from 200 Hz to 1000 Hz. This was attributed to 
excited wall panels (600 Hz) and the excitation of the first cross 
resonant mode of the duct (560 Hz). This problem was alleviated by 
sand loading the involved wall panels. This approach increases mass 
and damping without changing the stiffness. The background noise 
levels in the reverberant chamber with the closed test section are 
plotted in Figure 8, from Hanson (3). The dashed curve is the background 
noise levels with the original ducts. The solid curves are background 
noise levels measured after the walls had been sand loaded. 
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This facility also encountered a collector resonance similar to 
that in the UARL wind tunnel. In this case, the resonance was 
eliminated by changing the shape of the collector. 

The open return configuration of this facility, like the UARL 
tunnel, allows a direct airborne path for extraneous background noise. 
Although this wind tunnel is entirely indoors, background noise from 
other laboratory 'equipment may cause problems. Depending on the type 
of equipment, this background noise can be controlled by conducting 
experiments when it is not operating. 

The objections to an open jet test section have been discussed 
previously. The other mode of operation for this tunnel is a closed, 
hard*ja.ll, test section. This configuration is suitable only for 
measurement of .radiated sound power. 

■The convertible feature of anechoic/reverberant chamber in this wind 
tunnel allows more flexibility in noise measurements than in a tunnel 
with an anechoic chamber only. Sound power measurements can be carried 
out in the reverberant mode, while directivity patterns can be measured 
in the anechoic chamber. 

MIT Department of Aeronautics and Astronautics Wind Tunnel . - This 
facility is of interest to this study because, it represents a modification 
of an existing wind tunnel. A lot of valuable information is connected 
with the reconstruction of this facility since a step by step evaluation 
of various types of. acoustic treatment is available. 

The wind tunnel is depicted schematically in Figure 9. It is of 
wood construction and originally a closed jet, closed return design. 

A section of the test section has been removed to allow for a 4 1/2 x 
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7 1/2-foot octagonal free jet. The flow is collected by, a porous cowl 
which has worked out quite well. Acoustic treatment in the form of 
fiberglass wedges has been placed at the two vertical walls at each end 
of the wind tunnel. This treatment has been very effective in reducing 
fan noise. The turning vanes have also been acoustically treated, 
apparently with little or no reduction in the aerodynamic.' ef f i-ci-ency-. 

This treatment was a fiberglass blanket on the pressure surface of 'the 
turning vane. 

An anechoic chamber is provided which is rather unique since its 
interior surface consists of a porous metal backed with acoustic treat- 
ment. The original intent was to add acoustic wedges to the walls to 
achieve a more or less standard acoustic treatment. However, the porous 
.wall served to both provide adequate attenuation of sound to the exterior 
•surroundings and to provide adequate absorption above 600 Hx. Thus no 
additional acoustic treatment has been provided at this time. 

The effect of these acoustic treatments on background noise, reported 
by Bauer and Widnall (4) is shown in Figure 10. The original background 
spectrum is plotted along with background spectra with the various treat- 
ments in place. After the wedges were installed the background noise 
increased in the low frequency band and decreased at higher frequencies. 
When the hard test section walls were removed the background noise was 
reduced since the acoustic energy is no longer confined to the test 
section. A further reduction was obtained when the turning vane treatment 
was installed. When the microphone was moved out of the open jet, the 
background noise was again reduced. In this case the microphone self noise 
has been eliminated by moving the microphone out of the flow. The lowest 
background level was obtained after the anechoic chamber was in place. 
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This spectrum is nearly flat above 1000 Hz. Care must be taken in 
interpreting quantative effects of the treatments due to these background 
levels, since the test section velocity and microphone position vary 
in each case. 

A further indication of the effects of acoustic treatment is the 
transmission loss between the return section and the test, section. This 
is shown in “Figure IT, -taken 'from 'Bauer and Widnall (4). The test 
procedure is also sketched in the same figure. The transmission loss is 
the difference in sound pressure level between point A (return section) 
and point B (test section). In this case the transmission loss is along 
a number of paths, there are. two airborne paths and the structural path. 
Because of the complex internal geometry of the tunnel, these 
transmission losses only give a qualitative idea of the effect of the 
modifications . 

One objection that can be raised concerning the acoustic treatment 
of this tunnel is the use of acoustic wedges in the flow. The acoustic 
wedges have a maximum depth of 13 inches. These are placed in the tunnel 
in locations where the cross section dimensions are 8 feet. This blockage 
causes a drop in maximum test section velocity from 140 feet per second, 
before the wedges are. installed, to 120 feet per second after installation. 
Bauer ana Widnall (4) suggest the wedge .is chosen to attenuate acoustic 
energy above 250 Hz. A 2 to 4 inch thick fiberglass blanket having a 
sound absorption coefficient of approximately 0.9 at 250 Hz would 
attenuate this acoustic, energy without the blockage penalty. 

BB & N Anschoic Wind Tunnel . - Another rather modest anechoic wind 
tunnel is available in the Cambridge laboratory of Bolt, Beranek and 
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Newman. The facility is illustrated in Figure 12. This tunnel operates 
in the suction mode (i.e., the pressure in the test section is less than 
atmospheric). Air enters the room through a 15:1 contraction ratio nozzle 
at speeds varying from 20 to 120 fps. Two nozzles are available; a 16 
inch square cross section or an 18 inch diameter round cross section. 

The chamber is of plywood construction and is generally operated m a 
semi-reverberant .mode. Cotton batting is sometimes used for sound 
absorption. Because of the rather flimsy construction the acoustic 
characteristics of this facility are questionable. No data are available 
to the authors which would allow quantitative evaluation. 

Th e University of Maryland 7- x 10-F o ot Wind Tunnel . - This facility 
was not visited during this study but is of interest because it is a 
conventional closed return, low speed wind tunnel which is used for 

p j.'u ptiJ.lt; L uO-i-Str. 6 C Uuico • A uio.i‘iJu.uxcta. au.v/viuw '--'-‘■“r' ^ j -- 

treatment is provided in the test section in the form of standard 
acoustic tile. According to a private communication with personnel 
at the Naval Ship Research and Development Center, successful noise 
studies have been achieved in the frequency range above 500 Hz. 

Exoerimen t.al Xnves ti. gation of the Acoustical Properties of hind lu nnelj^ 

In addition to the specially designed facilities mentioned in the 
previous section, several detailed investigations have been initiated 
to determine the acoustic properties of other available facilities. 

The large scale, 40- by 80-foot wind tunnel at the NASA-Ames Research 
Center, shown in Figure 13, has received considerable attention. 

Hartman and Soderman (5) and Hickey, Soderman and Kelly (6) found that 
the acoustic properties were comparable to the classical semi-reverberant 
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room. They suggested a calibration curve for the facility. This 
calibration is obtained by considering the difference between sound 
pressure level at a given distance from an omni-directional source, 
with the sound pressure level at the same distance from the source in 
the free field. These results were obtained experimentally with a 
white noise source. No attempt was made to consider tunnel response 
in frequency bands or with pure tones. 


Cox (7 and 8) made a detailed analysis of the background noise 
in this facility. He concluded that a rotor noise investigation would 
be possible. A full scale rotor, with standard and tapered tip blades, 
was utilized in a research program on rotor noise radiation at high 
tip Mach number. The reverberation correction of Hartman and Soderrnan 
was applied to the data obtained which then agreed with flyover data 
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a theoretical analysis of noise radiation due to drag divergence arid 
thickness effects at high advance ratio and tip Mach number. 

The work of Hartman and Soderrnan was extended by Bies (10) . 

The approach taken was to develop and test data acquisition and data 
reduction procedures which would be compatible with the goals of a 
given test program. No attempt was made to modify the tunnel for 
reduction of background noise. The sources that could be studied 
were restricted to those that were sufficiently above the background 
levels measured. This study developed a procedure for obtaining 
forward and backward radiated sound power levels and total radiated 
sound power measurements from upstream and downstream sound pressure 


level measurements. By considering portions of the tunnel upstream 


and downstream as reverberant volumes and measuring sound pressure 
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levels in these regions, data reduction techniques were devised to 
give radiated sound power. The tunnel was calibrated with an omni- 
directional source to develop these data reduction techniques. This 
procedure would give answers to whether most of the noise radiation 
propagated forward or aft of the flight vehicle. Radiated power 
measurements wi th calibrated sources proved to be reasonably accurate. 

A porous pipe ‘microphone was developed during the study which proved 
to have better performance in a flow than the standard Bruel and 
Kjaer 1/2-inch nose cone wind screen when oriented in the direction of 
the flow. The general results of the. sound propagation study in the 
Ames 40- by 80-foot wind tunnel appear to be applicable to any large 
closed test section, air return wind tunnel. 

Further work along these lines of Hartman and Soderman and Bies 
were described by Arndt and Boxwell (11) in an unpublished report. 

Their work was concerned with the acoustic characteristics of the 
USA AMRDL 7- x 10-foot wind tunnel. Of particular interest was the 
determination of reverberant response in frequency bands. This work 
indicated that the reverberation was strongly dependent on frequency 
and a reverberation correction based on overall response to a white 
noise signal would be totally inadequate. Since this work is of 
direct interest 'to this study, it is reviewed in detail in the experi- 
mental section of this report. 

An acoustical evaluation of the NASA Langley 30- x 60-foot wind 
tunnel was made by Ver, Ma.lme and Meyer (12) . The approach here is 
again tc find experimental procedures and data reduction techniques 
to make acoustical measurements. No attempt is made to reduce the 
ambient noise of the tunnel. The background noise present is con- 
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siderea one of the limitations of' the tunnel to sources' that can be 
tested in the tunnel. The authors suggested that for a direct sound 
measurement with an accuracy of 1 dB the signal to noise ratio should 
exceed 6 dB and the measurement distance should not exceed half the 
hall radius. The hall radius is defined as the distance where the 
sound pressure of the direct field equals the space average sound 
pressure of the reverberant field. The investigation of this facility 
included a study of background noise, wind tunnel response and the decay 
characteristics. A limitation, in determining sound power output, was 
use of only an omni-directional source, since the test section was found 
not to be diffuse. A generally valid relation between the space 
averaged sound pressure level in the test section and the sound power 
output: of an unknown source could not be found. The study in this facility 
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wind tunnel and the Penn State's Aerospace. Engineering Department wind 
funnel. The Langley study indicated that a quantitative evaluation of 
the. effectiveness of a sound absorbing wall treatment in a small-scale 
model was needed. By gradually adding sound absorbing treatment to 
various hard interior surfaces the optimal location and the minimum 
amount of sound absorbing material required to yield a desired result 
can be determined. 

Two reports by Schultz (13 and 14), describe an acoustic study of 
the German Laboratory for Air and Space Travel (DVL) Subsonic Wind 
Tunnel. This wind tunnel is similar to the Aerospace Department tunnel, 
except the fan is located just upstream from the first corner beyond the 
test section. The approach taken in this program was to first evaluate 
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the acoustic properties and limitations to noise studies of the.. DVL„ 
wind tunnel, then apply modifications to the tunnel to reduce these 
limitations, i.e., sound absorbing material to reduce ambient noise 
and finally to test the performance and acoustical properties of the 
wind tunnel after modifications. This was carried out in two parts. 

The first part of. the study was the preliminary evaluation and suggested 
modif icatioils . The second part of the s'tudy evaluated the effects of the 
modifications on the wind tunnel properties and included initial 
noise measurements in the DVL wind tunnel. The modifications proposed 
in this study were concerned primarily with background noise from the 
fan. It was originally suggested that an open jet be employed. The 
reason for this was that the fan noise would spread in spherical waves 
from the nozzle and collecting cone and decay rapidly, thus causing a 
lower sound pressure level in the test. .section than if a closed jet 
configuration was used. However, in later studies it became evident that 
jet noise was a problem, after fan noise had been eliminated through 
treatment. It. was finally suggested that a porous or slotted closed jet 
section with the walls adjoining deep, sound damped spaces might give the 
best results. Other suggestions proposed were to apply sound damping 
material at the bends upstream and downstream from the fan and also to 
the walls between these bends. For the walls of the collecting cone, 
sound dampening plates were suggested. It was also recommended that a 
narrow, central sound dampener be placed lengthwise to the flow in the 
diffuser. This study concluded by suggesting the need for a microphone 
that, at speeds up to 180 feet per second, would not have a serious 
self-noise problem. 
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III. BACKGROUND INFORMATION 


Overall Acoustic Response 

Making acoustic measurements in a wind tunnel requires design and 
modification guidelines and data correction procedures. Before these 
guidelines and procedures are foi'malized it would be helpful to 
theoretically predict the acoustic response of the wind tunnel. Know- 
ing the way in which a particular tunnel responds to noise in various 
frequency bands determines what happens to the source noise signature 
with regard to directivity and spectral content. However, a complete 
analytical description of the acoustic response of a wind tunnel does 
not exist. However, it may be possible to consider the tunnel in 
several component parts which are idealized to match known acoustic 
properties. The interrelation of these component parts may then be 
uf.Lermin.ed through a statistical energy approach as suggested by 
Smith and Lyon (15). This technique is probably limited, however, 
to acoustic power. By considering the energy densities and volumes, 

V. , of the components and by determining the coupling coefficients, 
the power balance equations can be written. These equations say 
that the power introduced into volume V equals the power dissipated 
in the remaining volumes plus the power transmitted from volume 

V. to volumes V. , plus the oower front volume V. dissipated in the 
1 J l 

connecting ducts, .minus the power transmitted from the volumes 
\b to vb . Thus a knowledge of the response of each component is 
required. A knowledge of the power flow between the components and 
the response of each component allows the determination of the response 


of the tunnel. 
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As an indication of what the idealized acoustic response of 
various components might be, the nozzle may be considered as a special 
class of horn. The wave equation for a plane wave travelling through 
a variable cross section duct is given by 


a 2 ;j> _ 2 r 3 2 g> 1 3A 3$, 

.,2 a o .,2 A 3x 3x J 

c t ox 


( 1 ) 


where 


P = 



( 2 ) 


and cj> is the velocity potential. In the general case of a nozzle, 
equation (1) would have to be evaluated numerically. A classic 
solution to equation (1) exists for an exponential horn, where the 
area variation is given by 


A = A e 

o 


(3) 


This results in the followng equation 
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The solution to equation (4) is of the form 
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In this particular case, the speed of propagation is given by 


w 

a' = — = 


3 /: 277:2 

1 - m /4C 


(9) 


The acoustic pressure is obtained from equation (5) through the 
relation 

3$ 


p - P 


at 


(10) 


When the wave number £ is equal to m/2 we have a situation where 
the propagation speed is infinite and no propagation takes place. 
This corresponds to a cut-off frequency of 
ina 

f = 7 — - 
c 4ir 


( 11 ) 


below which acoustic radiation is nil. 

Another important component is the tunnel test section. It is 
desirable to mathematically model the test section in order to 
assess the value of various acoustic treatments. The following is a 
theoretical analysis, developed by Mangiarotty, Marsh and Feder (16 ), 
to predict the attenuation of sound in ducts with varying cross 
sections. This method also develops a duct lining optimization on 
the basis of maximum reduction depending on the shape of the input 
spectrum. 

Assuming the sound pressure in the duct is low enough, the linear 

wave equation is valid,. 

2 2 2 9 

1 _ jTp _ 9~n _ jTp. _ 3~p 

2.2 . 2 ", 2 ‘ , 2 

a dt ox 3y oz 

o J 



26 . 


Separating variables and assuming harmonic waves traveling in the 
positive z-direction along the duct, 

p (x,y,z) = X(x) Y (y ) Z(z) T(t) 


where, 

X(x) = C cos k x + S sin k x 

x x x x 

Y (y) = C cos k y + S sin k y 

y y • y y 

Z(z) = exp (-ik^ Z) 

T (t) = exp (iwt) 


2 2 2 2 

where, k = k +k"+k , k is the complex wave number of a wave 

x y z 

propagating in free air. From a superposition of these solutions, 
a general solution is, 


CO 

s 

i=l 


a. -X. 


Z. T. 


The constants a_. are chosen to accurately describe a particular sound 
pressure distribution at the sound source end of the duct. 

Now writing the derivatives of the wave equation in terms of the 


separated 

functions , 
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This leads to , 


differential 
axial 

direction, restricted to one frequency component is, 

Z(z) = exp (-ik^z) 

where k is the axial wave number 
z 

The boundary conditions are 


x - a, sin k a = 0, k = mir/a 

X -X 

(m = 0 ,1,2 ,3, . 


y = b, sin k b = 9, k = nir/'b 
J ’ y ’ y 

(n = 0,1, 2, 3,., 



Each solution represents a mode of propagation in a duct with width 
a and height b. To solve a particular problem, a combination of modes 
of modal order numbers m and n must be taken with different phase and 
amplitude and matched to the sound pressure distribution at the source 
end of the duct. By introducing the boundary conditions of acoustic 
admittances L(0,a) and L(0,b) of linings in a duct of dimensions a 
and b, the sound attenuation of a broadband-resistive-resonator 
lining can be calculated. Letting k ? = a + iB, then, 

Z(z) = exp (-iaz) exp (3z) 
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= 0 


This can be further broken down into a number of ordinary 
equations by means .of separation constraints. 

A solution that represents a wave propagating in the 
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This is the attenuation of sound pressure per unit length of duct in 
the axial direction. In decibels, the attenuation between z ^ and z 2 is, 

p(z.) 

D (z 2 - - 20 log j~y | = - 8.68 S (z 2 - z ± ) 


then , 


D = 8.68 8 

is the attenuation per unit length. 

The wave number k z , and also the phase constant B is obtained through 
the wave number relation, 


k = + ( k 2 - k 2 - k 2 > 1/2 
z — x y 


To obtain the attenuation in the duct under the influence of 
'flvWj the effects of turbulence, boundary layers and other aerodynamic 
effects can be taken into account by experimentally deriving the 
lining characteristics under actual flow conditions. Eversman (17) 
describes an analytical model similar to this, but this analysis 
begins with the non-linear wave equation, i.e., convective term 
included, and derives the effect of Mach Number on the attenuation, 


■k 


1 - M 


(- M + [1 - (1 - M 2 ) (rV] 1/2 } 


where M is the Mach Number of the flow in the due 


Following the mathematical model described above, a design procedure 
has been devised by Beranek (18) for the design of acoustic treatment 
for a duct. This procedure is applicable to the plane wave mode of 
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sound propagation neglecting end reflections for either a homogeneous 
absorber or a resistive resonator type treatment. If the duct height, 
h, the duct length, L, and the design frequency, f , of which maximum 
attenuation is desired are specified, then the treatment depth, d, 
porous layer thickness, t, honeycomb size, 6, normalized flow resistance 
R f /pa o > impedance, Z/pa^, flow resistivity, R, and the theoretical 
attenuation, , for a length of duct equal to the height, h, or total 
attenuation, x L/h, can be predicted. Figures 14 and 15 contain the 
calculation results for the AMRDL 7- x 10-foot wind tunnel. The 
treatment for the floor and ceiling have been designed for maximum 
attenuation at 400 Hz and the treatment on the walls has been designed 
for maximum attenuation at 250 Hz. The design parameters for this 
treatment are shown in Figure 14 and the theoretical attenuation for each 
treatment and the total attenuation is shown in Figure 15. The attenua- 
tion assumes a treatment length equal to the duct height, h. This 
analysis incorporated the concept of one treatment on the floor and 
ceiling and a different treatment on the walls. The attenuation 
curves shown in Figure 15 cover a rather narrow band width while the 
range of frequencies that require attenuation in a typical test is 
rather wide. The attenuation predicted is very high. Results from 
the Aerospace wind tunnel indicate that the predicted results may be 
overly optimistic. This is due to the fact that other modes in 
addition to plane waves play a major role. The assumption of end 
reflections is also invalid. End reflections will be important as 
long as treatment is not provided to attenuate these reflections. 



30 . 


In addition, experiments indicate that sound waves, which are not' 
reflected, can propagate around the tunnel circuit back to the test 
section. End treatment alleviated this problem. Further details of 
this design procedure are given in Appendix B. 

Background Noise and Turbulence Problems 

Turbulence induced noise can occur along the flow passages and 
around the turning vanes of a wind tunnel. Along flow passages noise 
can be generated by turbulence a number of different ways. Mien the 
boundary layer along the wind tunnel walls is turbulent the wall 
panels can be excited. The fluctuations within the turbulent boundary 
layer, which would be broadband in nature, can cause the panels to 
generate sound at the resonance frequency of the structure. The 
turbulence in the boundary layer' can itself generate noise. When the 
tllThul er>t; 1 AVr»T T .<2 pri- nroc-rnro rr C”! - , C^’pCTC,'" 

tion will occur, causing large, turbulent regions. The eddies in 
these turbulent regions will also generate noise in the same manner 
as the eddies formed in an open jet. These generating mechanisms 
can also occur at the turning vanes, where turbulent boundary layers 
and separation may also occur. In addition there is the possibility 
of edge tones occurring and causing the turning vanes to "sing." 
Considering the possibility of turbulent effects in designing a tunnel, 
care should be taken to eliminate boundary layer separation. Additional 
structural integrity will raise resonance frequencies and eliminate 


panel exicted noise. 
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At first glance the/ use of an open jet, anechoic test section appears 
to be the best method for obtaining acoustic measurements. However, there 
are certain problems with this configuration which should not be overlooked. 
One factor is the additional background noise inherent with the natural 
mixing process of the jet. In addition an edge tone type of feedback 
mechanism can exist between disturbances at the nozzle lip and disturbances 
introduced at the collector cowl. Under certain conditions a strong edge 
tone can result. This problem can generally be corrected by changes in 
cowl design and varying the relative length of the jet. It should 
also be recognized that the open jet will induce secondary currents in 
"stagnant" portions of the anechoic chamber where microphones are placed 
for the collection of acoustic, data. If care is not taken, the induced 
secondary currents will result in additional microphone self-noise. 
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refraction of the source signal as it passes through the mixing zone of 
the jet. This refraction effect will result in a distorted directivity 
pattern. For example an omnidirectional noise source placed within a 
jet caii appear highly directional. 

As an example of how strong this refraction effect can be, 
experimental data were gathered from the literature and cross plotted 
to show this effect in Figure 16. An omni-directional source placed 
along the axis of a jet has its directivity pattern shifted by 
refraction to resemble a "heart-shape". The largest refraction 
effect is in the 9° position, i.c., on the jet axis. At this position 
a large dip occurs. This is called the refraction trough. Figure 17 
reproduced from Atvars et al. (19), shows these refraction troughs for 
various Mach numbers. Figure 16 shows the sound pressure level reduction 
in the refraction trough plotted against jet Mach number. A linear increase 
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in SPL reduction above a jet Mach number of 0.1 is found for each frequency. 
The data plotted here were obtained in a 3/4 inch jet, therefore, the 
frequency and non-dimensional frequency parameter, fd/a Q , are shown. For 
a typical rotor noise experiment in the Aerospace wind tunnel or the AMRDL 
tunnel, the frequency parameter will be approximately equal to 1.0, i.e., 
the wave, length of emitted sound is approximately equal to a typical test 
section dimension. This should correspond to a large refraction effect that 
must be considered in a typical experiment. 

The above example is for a point source alone. Refraction is a function 
of the type of source. A refraction correction for a simple source would not 
be valid for a dipole or quadrupole source. Also the refraction by an open 
jet is dependent on the orientation of the dipole or quadrupole axes. Since 
model sources in the test section would be a superposition of various 
elementary sources any refraction correction would be a function of the model. 
The data in Figure 16 would be valid only for a monopole source in an open 
jet. However, this curve does show that refraction can be an Important effect. 

Another way in which a jet: can distort the source signal is by 
scattering of sound by the turbulence in the open jet. The scattering 
can influence the directivity pattern of the source signal. Scattering 
has an attenuation effect on the incident sound. 

Correction Procedure 

Unless- an ideal wind tunnel exists after it has been built or 
modified to accommodate noise measurements, a great deal of experi- 
mental and theoretical work remains in order to calibrate the 
facility. The result of such a calibration would be a number of 
corrections to be made to the data. These corrections would be 
necessary for a number of reasons. In an open jet test section there 
will be refraction and scattering due to the mean velocity gradient 



and turbulence in the shear layer. Additional background noise is 
generated by an open jet which may interfere with measurements of 
rotor vortex noise. 

A further correction will be required for reverberation. This 
type of correction will be needed in anything less than an anechoic 
wind tunnel, which includes most of the wind tunnels built to date. 

A reverberation correction would not only be a function of frequency, 
but it would also be a function of the model being used. An early 
attempt at such a correction procedure is shown in Figure 18 . This 
correction was developed for the NASA Ames 40-x 80-foot wind tunnel, 
and is based on the semi-reverberant equation 


SPL = FWL + 10 log (~— + |) - 0.5 
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(ref 2 x 10 dynes/cnf) , PWL is the power level (ref 10 watts) 
and R is the room constant in square feet. The room constant is 
defined as 



1 - a 


where S is the surface area of the "room" and a is the absorbtion 
coefficient. 

The idea behind such a calibration curve is that at a given 
distance, r, from the source the difference between the free field 
and semi- reverberant response can be simply substracted from the 
data. Such simple corrections have in limited cases agreed with 
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fly-over data. However, the correction is based on the overall response 
to a broadband signal. Such a response curve masks the highly reverber- 
ant response at lower frequencies as illustrated by the response curves 
obtained in the AMRDL 7- x 10-foot wind tunnel. A similar reverberant 
response study will be required after any tunnel modifications are 
completed. 

Other noise measuring techniques have been investigated. Correla- 
tion techniques may prove valuable in application to wind tunnel noise 
measurement and correction procedures. One correlation technique 
developed by Aral (20) can be used to measure the acoustic power of 
an individual source in the presence of other sound sources. The 
principle of this technique is developed here. The acoustic power, 

W, radiated from a source is 

r 

V “ I I dS; I = pv 


where I is the power per unit area, S the surface area 
field sound pressure and v the normal surface velocity 
The quanity pv is given by, 

- fT/hi 

pv =y p J v R 


p the near 
component . 
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where;) p anci y v are the rms values of pressure and velocity, 
respectively, and R is the correlation coefficient between pressure 
and velocity. The intensity, I, can also be expressed by 


I = O I 
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where u is the normalized radiation resistance, the density of air 

and a the velocity of sound in air. From this it can be shorn that 
o 

W = s W W = [ I dS 

o o J o 

where s is the weighted mean of a. If the source is made up of a 
number of elements, W is expressed as r .vh, the power of the i-th source. 
Comparing W the most intense radiators can be localized and the power of 
an individual source excited simultaneously can be determined. The 
measuring equipment is a microphone in the near field of the source to 
measure pressure and a piezoelectric accelerometer placed on the 
source to measure acceleration. This is recorded on a 2-channel tape 
recorder to be analyzed. An integrating circuit converts acceleration to 
velocity. This correlation technique for measuring radiated power and 
localizing the most intense radiators is possible in any case of noise 
from vibrating surfaces, even in the presence of ambient noise, if this 
is uncor related. This method is shown valid by Arai (20) , except in the 
lower frequency range, below 250 Hz. 

Another correlation technique has been developed by Cook (21) for 
sound level prediction in the confines of a room and from multiple coherent 
sources. This method can be used to predict the sound level received at a 
receiver point in a room due to a noise source situated at another point. 
This prediction is based on the unit impulse response of the room at the 
receiver point due to an input at the source point. It also takes into 
account all the room confinements, i.e., walls, floors, ceilings and their 
acoustic properties such as reflection, absorption and diffraction. This 
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correlation technique also predicts the sound power at a receiver point 
due to partially coherent noise sources at any number of points. This 
does not depend on any of the source points or receiver points being 
in the confines of a room. 

The mathematical basis for this correlation technique will be 

presented here. Figure 19 illusti'ates a room with a source at point 

A and a receiver at point R with various paths between the two points. 

When a time varying signal originating at the source is recorded at 

R, the effects of the room have changed the original signal due to 

lagging arrivals of multiple reflections. If white noise is input, 

the recording is the unit impulse response of the room confines for 

a source at A received at R. This can be shown by referring to 

Figure 20 and defining: 

* convolution onerator 

N (t) white noise signal 

w 

(t) unit impulse response of speaker system 

IXra (t) unit impulse response of the room confines 

due to a source at A and a receiver at R 
r (t) signal recorded at R 

taking the cross correlation of N^(t) and r(t), ^ (t) 

C n,r'< T) - °n h s <T) * h R,A <T) < 12 > 

2 

where o is the power of the signal N (t) . By passing N (t) into the 
n w 1 w 

speaker system and recording the output in anechoic conditions, h g (t) 
can be determined experimentally. Convolving both sides of equation 
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(12) with the inverse of h (t), say [h (t)] \ 

s s 


* C n,r (l) ’ °n h s <T) * |h s M ^ * h RA (T > 


or 


h 


RA 


(T) 


lh s (T)f 1 * C, (T ) 

9 

C ‘ 

11 


If any sound signal, z(t), is input into the sound system at A, the 
received signal at R is 


r (t) = z(t) * h^Ct) 

In terms of correlations, which is best suited to many noise control 
problems, this is 


C (t) = C (T) * C (x) 
r z h 

where C, is the autocorrelation of h_.(t) 
h RA 

To treat two partially coherent sources a(t) and b(t) at points 
A and B, received at R as r(t), the approach is again to generate the 
autocorrelation of r(t), C^Cx). If A is at a greater distance from 
R than B is, the lag in time from A to reach R is p, disregarding the 
initial common time lag, then 

r (t) = a(t - p) + b (t). 

It can be shown, by taking the autocorrelation of both sides that 


C (x) = C (X) + C (x) + C (x + p) + C (x - p) 
r a b ab Da 

where C , (x) is the cross correlation of a(t) with b(t). The power 
ab 

in r(t) is given by (^(x) at X = 0. The power due to the combined 
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a (t) and b (t ) is 


C (0) = C (0) + C (0) + 2 C (p) 
r a b a,b 


( 13 ) 


The term 2 C , (p) is the affect on the received power at R due to 

3. ) b 

partial coherence between a(t) and b(t). 

As an' example to the use of equation (13) some simple cases will 
be illustrated, letting A and B be equidistant from R, i.e., p = 0. 


Example (1) If a(t) and b(t) are noncoherent and if the 

powers are equal, then C (0) = C (0) and C , (t) = 0. 

3 . D H jD 

Therefore, equation (13) becomes, 

C r (0) “ C a (0) + C b (0) 

Thus tlie powers of a(t‘) and b(t) are added upon 


- ~ ^ T* Ti -* .. 
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a(t) or b(t) alone 

Example (2) If a(t) and b(t) are fully coherent and if the 

powers are again equal C (0) = C (0) 

3 D 

then a(t) = b(t) and the correlations are equal 
C = C a (T) = C k ( t) - 

3 jb 3 b 

Therefore, equation (13) becomes, 

C (0) = 4 C (0) - 4 C. (0) 
a a o 

Thus the power reaching R is increased by 6 dB 
Equation (13) -can be used "to predict ‘the power received at R 
between these extremes. It takes into account partial coherence and 


time lag due to A or B being at a greater distance from R. 
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Gen e ralized Scaling; Laws 

In order to achieve the goal of collecting pertinent aeroacoustic 
data, it is necessary to briefly review the similitude laws pertaining 
to this problem. Typically there will be several limitations on the size 
of a model rotor due to both aerodynamic and acoustic considerations. 

From an aerodynamic point of view, the size of a rotor must be relatively 
small compared to the wind tunnel dimensions because of wall effects. On 
the other hand, complete simulation of viscous flow phenomena dictates 
that the rotor should be as large as possible. From an acoustic point of 
view there are three factors to be considered. First, we would like to 
position cur microphones close to the model in order to be in the direct 
field of acoustic radiation. On the other hand, our microphones must be 
positioned at least one wavelength away from the source if we wish to 
make far field measurements. Thirdly, the model scale should be selected 
such that the frequency range of interest is within the capability of 
existing instrumentation. 

The important scaling parameters are the Mach number based on tip 



the free stream Mach number 
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and Lock number. 
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The Mach number criterion is probably the most important from- an 
acoustic point of view after satisfying the usual constraints of being 
in the far field and the direct field at the same time. The Mach number 
criterion is satisfied by operating with coR^ the same in model and prototype 
and at the same advance ratio in model and prototype. Hence, the tunnel 
velocity should be the same as the full scale forward velocity and the 
rotor speed should increase with a decrease in rotor size. Since the 
Reynold's number is given by toR c/v, the equality of Reynold's number in 
model and prototype cannot be achieved unless a pressurized tunnel is 
used. For many noise mechanisms this may not be a problem. Serious 
consideration should be given to this problem for vortex noise measurements. 

The scaling of noise can best be estimated from the simple Gutin 
expression 


n 

• n 


1 


bnco 


2v z TTra 

o 


f T n R d — — 4 .T fXn XT a, -t r» 

M K ' nb '* " “e *' 

e e 


Now the thrust and torque are given by: 
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In a proper test coR and M are constant, hence the rms pressure is 


proportional only to R q / r . A similar conclusion is reached for thickness 


and drag divergence effects. However, Reynold's number effects should 
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more strongly affect the vortex noise. There is no complete solution 
to the problem of simultaneously satisfying Mach and Reynolds number 
other than operation in a pressurized tunnel. Some research should 
be directed toward the question of whether blades, on a rotor for 
example, can be artificially roughened to break up a strong tone due 
to a strongly coherent wake structure at certain Reynolds numbers. 

This type of problem is not new, but little consideration has been 
given to the added complexity of aeroacoustic modelling. 

The directivity of the sound is another important factor which 
could be used conceivably to answer questions concerning the mechanism 
of blade slap. Consider the equations for rotational, vortex and 
thickness noise as written by Amdt (22) 
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(Overall Vortex) 
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where K = Q/TR^ , a number of order 0.1. 

For the vortex noise we only have an empirical relation for the overall 
sound level. For convenience consider the first mode in equations (14) 
and (15) and assume that the argument of Bessel function is small 


enough to use the approximation: 
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For a two bladed rotor of constant thickness in the first mode the 
equations may be written in the form: 

(Rotational) 
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(Vortex) 
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where factors of R^/R^ have been absorbed in the proportionality 

constants. The first term in the bracket of equation (16) represents 

noise due to thrust and the second term represents inplane ("drag' : ) 

forces. The directionality and dependence on Mach number is different 

for each source. For example, noise due to vortex intersection should 
2 

go like cos o sin“ o whereas shockwave formation should go like 

2 2 
sin 6. Vortex noise goes like cos 5 and thickness noise like sin 5- 

Also note that the relative importance of various noise sources 

depends on the Mach number. Thus, various noise sources could be 

detected by varying microphone location and Mach number. 



Lowson and Ollerhead (31) suggest that noise sources in helicopter 

\ 

\ 

rotors due to flapping and the like are small compared to the other 
noise generation mechanisms cited. If the dynamic response of the s 
blades were to be modelled to simulate flapping noise from a heli- 
copter the Lock number criterion would have to be considered. The 
moment of inertia may be assumed proportional to the density of the 

blade material and the blade proportions: 

3 

I t p tcR 
b o 

The Lock number may be rewritten in the form: 

R 

L = 2t> t 2 - 

p b 

or equivalently, 

L = £_ _1_ 

P h (t/& 

where t/c is thickness ratio and a is the solidity ratio. Thus, if a 
scale model blade were used, the Lock number would be the same in model 
and prototype. Obviously, some construction problems would be 
encountered in satisfying the Lock number criterion, but this effect 
should be small. 

A summary of the various scaling parameters is given in Table III. 
Model scale is dictated by several considerations as previously described.. 
Wind tunnel velocity is generally the same as the prototype forward 
velocity. Rotor speed will vary inversely with the scale of the model. 

This frequency will also scale inversely with model size. . 

The favorable effects of reduced scale are increased hall radius 
(direct field large compared to tunnel dimensions), ease of satisfying 
far field measurement criteria, measurements in frequency range where 
background noise and reverberation effects are minimized, and minimization 
of wall effects. On the negative side of the ledge, reduced size 
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creates Reynolds number scaling problems, places higher harmonics in a 
frequency range beyond the useful range of some instrumentation and 
creates additional errors due to air absorption. 

Thus model scale must be carefully selected to maximize the 
usefulness of experimental data collected. 
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IV. EXPERIMENTAL PROGRAM 

Summary of Previous Experimental Work 

The pertinent experimental work carried out to date has been 
performed in two wind tunnel facilities, the USA AMRDL 7- x 10-foot 
wind tunnel and the Penn State Aerospace Engineering Wind Tunnel 
which will be referred .to as the. Aero Wind Tunnel for the rest of 
the report. In general, the experimental program consists of a back- 
ground noise survey and determination of the wind tunnel response 
to impulsive and steady state sound. Amdt and Boxwell (11) give the 
details of the experimental work done at the AMRDL facility. This 
work is summarized here for completeness and for comparison, to the 
data from the present study. Figure 21 is a planform view of the 
AMRDL wind tunnel. 

The first phase of the. experimental work at AMRDL was a free 
field study of the sources to be used in the wind tunnel. Balloons 
were used as an impulsive source, to determine if the site used for 
free field studies approximated anechoic conditions. An omni- 
directional loudspeaker was then calibrated at the test site to 
determine its power output and frequency content. This study 
provided a baseline for comparison of the acoustic response of the 
wind tunnel. 

The wind tunnel response to impulsive sound was determined by 
bursting balloons in the test section and measuring the decay in 
sound level. There were nine source locations in the test section. 

Four microphone locations were used, varying from upstream to downstream 



of the test section. The variables of this experiment were microphone 
location, source location and test section flow velocities of zero and 
43 knots. Figure 22 contains measured reverberation times as a function 
of frequency and microphone location. It was concluded from this 
portion of the study that for noise sources located in the test section, 
reverberation, absorption, and sound level decay are strong functions 
of frequency. The immediate area of the test section showed acoustical 
properties of a semi-i-everberant sound field. The absorption charac- 
teristics of the tunnel indicated a need for acoustic treatment in the 
125 Hz. to 4000 Hz range. A high primary decay mode appeared in the 
test section but not in the diffuser indicating the importance of 
test section acoustical treatment. 

An omni-directional loudspeaker was utilized as a steady state 
source positioned at three test section locations with various 
microphone locations. From this portion of the experimental program 
comparisons were made with free field conditions in terms of directivity, 
decay and correlation. Figure 23 is a typical directivity pattern that 
was obtained. Note that the directivity becomes more diffuse at the 
90° and 270° positions corresponding to the points closest to the tunnel 
walls. Figure 24 shows a comparison between broadband steady state 
overall levels as measured in the free field and wind tunnel with a 
6 dB per doubling of distance superimposed. These results indicate 
an increase in the overall sound level of tunnel data over free field 
sound levels. The rate of decay is less than 6 dB per doubling of 
distance typical of a semi-reverberant environment. Figure 25 pre- 
sents a comparison between measured sound level in the tunnel and 
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equivalent free field conditions. These data are plotted as a function 
of frequency for a distance of 10 feet from the source. Figure 26 
contains these data and also data for a distance of twenty feet from 
the source, plotted with the measured free field sound level as a 
reference. A narrow band analysis of the data was carried out to 
determine the difference between measured tunnel and free field 
broadband sound levels. Correlation techniques were used to obtain 
a comparison between free field and wind tunnel sound propagation 
properties. This showed a lack of correlation, independent of micro- 
phone separation or distance from the source. It was concluded from 
the steady state portion of the experiments that in the octave bands 
between 125 Hz. to 1000 Hz there was a large amplification of the noise 
signal referenced to the same signal measured in the free field. In 
addition there was a loss of sound propagation directivity and corre- 
lation. This was attributed to the diffuse field existing in the test 
section. 

The Penn State Experimental Progr am 

The Aero Wind Tunnel, which is currently undergoing modification 
to an anechoic facility, was used as a test bed for obtaining compara- 
tive design data. This facility can operate in the hard wall, closed 
jet configuration or in the open jet mode with an anechoic test 
section. Thus the extremes in test section configuration can be 
evaluated. In addition, the plywood construction facilities temporary 
placement of acoustic treatment at various positions to evaluate the 
effects of treating other portions of the wind tunnel. A plan view of 
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this facility is presented in Figure 27. The test program- consisted 
of source calibration in an anechoic chamber and reverberant room, 
determination of the steady state and impulsive response of the wind 
tunnel in four configurations and a background noise study. 

E xperimental Method 

Source Selection and Calibratio n. - The source selected was a duodecahedron , 
a regular twelve-sided polyhedron with 3 1/2 inch speakers mounted in 
each face. The duodecahedron has a mean diameter of 12 inches and is 
constructed of plywood. This source was calibrated in the Penn State 
Noise Control Laboratory. Directivity patterns were determined in an 
anechoic chamber. Calibration was accomplished with both random noise 
in 1/3 octave bands from 63 Hz to 16,000 Hz center frequencies and at 
9 pure tones in the same frequency range. Patterns about each of the 
three principal axes were obtained and compared. A B & K Sine Random 
Generator, Type 1024, was used to drive the speakers throughout the 
calibration test program. A B & K 1/2" Condensor Microphone, Type 
4133, mounted on a turntable with a 6 ft. boom was used in the collection 
of all acoustic data. A standard B & K power supply and B 6 K Micro- 
phone Amplifier, Type 2604, was coupled to the microphone. The output 
signal was filtered by a B & K Band Pass Filter Set, Type 1612. The 
resulting data were recorded on a B & K Level Recorder, Type 2305. 

A B & K piston phone was used for calibration of the equipment. This 
equipment was also utilized during the wind tunnel tests. 
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The directivity patterns indicated that the source is omni- 
directional up to the 2000 Hz 1/3 octave band. Above this frequency the 
source no longer behaves as a point source. This can be. attributed to 
the coning effect of each speaker at high frequencies which prevents 
coalescence of each individual speaker signal into an omni-directional 
source. Integration of the directivity patterns allowed calculation of 
the overall sound power level and the power level in each 1/3 octave band. 
This power level curve is shown in Figure 28. These data were used as a 
free field baseline for comparison to the data obtained in the wind tunnel. 

Additional calibration procedures were carried out in a reverberant 
room. The source was hung off center in the 4960 cubic foot room. 

Three microphone locations were utilized to measure the sound pressure 
level in 1/3 octave bands from 63 Hz to 16,000 Hz center frequencies. 

Random noise (20 - 20,000 Hz) was used as input at the same voltage used 
in the anechoic chamber. The output signal was then amplified, filtered 
in 1/3 octave bands and transcribed on a level recorder. The three 
sound pressure levels measured in each 1/3 octave band varied only 
slightly above 250 Hz, showing a true diffuse field. However, a satis- 
factory diffuse field did not exist below 250 Hz. From these data the 
overall power level and the power level in each 1/3 octave band were 
calculated. The results are plotted in Figure 28 along with the power 
levels computed from anechoic chamber data. The general features of the 
spectra of radiated power are the same but there is approximately a 3.5 dB 
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discrepancy. This could be related to the differences in acoustic 
impedances seen by the source in the two ideal environments. The 
overall power levels obtained were 89.5 dB in the anechoic chamber and 
93 dB in the reverberant room. This calibrated source was then used 
to carry out experiments in the wind tunnel. 

Backg roun d No is e Measure ments. - The background noise associated with 
the wind tunnel and surrounding environment was a primary concern to 
making noise measurements in the wind tunnel. The background noise 
associated with the laboratory environment with a static wind tunnel 
was found to be satisfactorily low except for the intermittent opera- 
tion of a few isolated pieces of equipment. These included a vacuum pump 
used to operate a low density hypersonic, wind tunnel, a compressor 
used to operate a blow- down supersonic wind tunnel in the laboratory 
and also to operate a two inch open jet in the anechoic chamber, some 
machine shop equipment .and a large transformer located in the building. 
Mien this machinery was operating there was a high enough background 
sound pressure level in the wind tunnel test section to interfere 
with experiments. This background noise was low frequency in nature, 
usually below the 160 Hz 1/3 octave band. The background noise 
presented no real problem because of its low frequency nature and 
where low frequency measurements were to be taken, they were taken 
when these sources were off. 

Additional background noise data were obtained in the test 
section during wind tunnel operation. These data were collected with 
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two different test section configurations, a closed test section and 
an open test section with an anechoic chamber around it. One micro- 
phone location was in the center of the test section, oriented into 
the flow for each configuration. The microphone, when used to measure 
flow background, had a nose cone on it. A second microphone location 
was six inches below a 24 inch diamter hole in the floor of the closed 
test section. A second microphone location with the open jet was 
outside the jet flow but inside the anechoic chamber. This location 
corresponded to the center of a large eddy structure induced by the 
jet flow 7 which was determined by probing with a rod with a tuft attached 
at the end. The three microphone locations are showm in Figure 29 as 
microphone locations 21, 22, and 23. Flow velocities in the test 
section ranged from zero to 100 mph , the maximum attainable. Figures 
30 and 31 display the background spectra with flow 7 at microphone 
position 22 with the closed test section and anechoic chamber, respectively. 
These curves are plotted as sound pressure level versus 1/3 octave band 
center frequency. The general features of these curves are similar 
and show 7 approximately a 3 dB drop for each 10 mph increment reduction 
in flow velocity. The 10 and 20 mile per hour spectra for the closed 
test section are higher than expected from the trend shown otherwise. 

This was caused by a "scraping' 1 sound from the motor, gear box or fan 
which could have been due to a bad bearing although it did not occur 
at other velocities or the same velocities with the anechoic chamber. 
Comparison of spectra obtained with the closed test section and the 
anechoic test section indicated a 3 to 5 dB drop in sound pressure 
level w'ith the anechoic chamber. This is illustrated in Figure 32. 
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During this portion of the experiments, the fan rotational speed 
and flow rate were measured. The fan in the Aero Wind Tunnel consists 
of an 8 bladed axial fan with backward curved blades, 13 radial stators 
downstream and 6 radial supports upstream. Figure 33 is a plot of 
test section velocity versus fan speed. An almost linear relationship 
exists .between those two parameters as expected. 

It was believed that most of the noise assoicated with these 
background spectra was fan noise. As an indication of this, the 
overall sound pressure level was plotted versus the logarithm of 
test section flow velocity. This is shown in Figure 34 plotted as 
overall sound pressure level against log U . Above 40 miles per hour 
a sixth power dependence on velocity exists as expected. Therefore 
above 40 miles per hour fan noise dominates. Belov; this figure a 
velocity cubed dependence is found. 

Since the general shape of the flow noise spectra were found 
to be similar for all tunnel speeds investigated, with the overall 
level having a sixth power dependence on tunnel speed above 40 miles 
per hour, an attempt was made to normalize these data as suggested 
by Ver, Malme and Meyer (12): 

SPh (1/3 OCT) = SPL (1/3 OCT, U ,) - 60 log, A (U ') 

N mph 10 mpri 

.where SPL (1/3 OCT) is the normalized third octave sound pressure 
N 

level, SPL (1/3 OCT, U . ) is the third octave background sound 

mpn 

-4 2 

pressure level in dB (ref. 2 x 10 dynes/cm"') measured for tunnel 
speed U o in miles per hour. The results are plotted in Figures 35 
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and 36 with an indication of the range and average valves of the normal- 
ized ambient sound pressure levels as a function of the third octave 
band center frequency. Figure 35 contains the data obtained in the 
closed test section configuration and Figure 36 contains the data for 
the anechoic test section. Both sets of data were obtained from micro- 
phone position 22. The scatter in the data is illustrated by the two 
solid lines. In spite of a change in speed by a factor of two and one 
half, the relative frequency content of the signal remains unchanged 
and proportional to . For comparison, the range of the fan 
fundamental frequency as a function of speed is plotted in the figures. 

A corresponding shift in the spectrum shape is not evident implying 
that there is a strong interaction between the fan noise and the 
tunnel reverberation characteristics-. A complete answer to this 

TVTfYh 1 PTTi An 1 v Ko t* cjt A f-Ti roi' oh . *-V»o ■£ r 1 ^ ♦- <> ^ 

wider speed range (which is not possible) and through narrow band 

analysis. Thus it is apparent that the spectrum at any speed within 

the range of measurements may be predicted from the relation 

SPL (1/3 OCT, U , ) = SPL (1/3 OCT) + 60 log 1A (U . ) 
mph iN 10 mph 

R everberation and Steady State Response . - The next portion of the 
experimental program was concerned with the determination of the 
wind tunnel response to a source in the test section without flow. 

The source was the calibrated duodecahodron described previously. 

The wind tunnel configuration for this portion of the experiment is 
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shown in Figure 29. This figure contains the twenty microphone 
locations, the location of the source, the location of acoustic 
treatment, and the test section configurations. Experiments were 
carried out with the wind tunnel in four different configurations; 
a closed test section without any type of treatment, an open jet 
test section with an anechoic chamber around it, the closed test 
section with acoustic treatment on the end walls of the test section 
leg of the tunnel and the anechoic configuration with end treatment. 

The end treatment used was two inch thick Owens/Coming Fiberglass, 

Type 705. The sound absorption characteristics of this material 
are presented in Figure 37. Approximately 240 square feet of this 
treatment was applied to the end walls at the locations shown in 
Figure 29. No treatment was used on the floor or ceiling. The 
trp.af mep t wp.p ■ipfft'pllorl ip p f-ornppr* pp/ 2 T , 2 ~Lv . co ths prime 

interest was on the effects of treatment on the reverberation charac- 
teristics which could be obtained with the tunnel in its static 
condition. 

The setup for these experiments utilized the same equipment used 
during the calibration of the source. A sine- random generator was 
used to drive the source at the same input voltage of 0.95 volts used 
in the calibration with random noise. All acoustic data were collected 
with a 1/2" microphone connected to a microphone amplifier, band-pass 
filter set and level recorder. Reverberation data were obtained by 
alternately switching the sound source off and on and recording the 
resulting acoustic signal. 



Microphone locations 9 through 20 formed a 55 inch diameter circle 
around the source. These microphone positions were 30° apart and were 
used to obtain directivity patterns. Sound pressure levels were mea- 
sured in 1/3 octave bands at each location. Figures 38 and 39 display 
the typical directivity patterns obtained at 1/3 octave band center 
frequencies of 500 Hz and 1000 Hz, respectively. The 0° radial 
corresponds to the tunnel center line towards the diffuser and 180° , 
the nozzle. The dashed portions of the closed test section data 
indicate the microphone was only 22 inches instead of 27.5 inches 
from the source. This was due to wall interference at the 90° and 
270° positions. Each figure contains five directivity patterns, 
corresponding to the free field, the closed test section, the closed 
test section with end wall treatment:, the anechoic chamber and the 
anechoic chamber with end wall treatment. The closed test section 
data, with and without end treatment, distorts the directivity patterns 
in the upstream and downstream directions. This is especially prevalent 
in the data presented in Figure 38. The highest sound pressure levels 
are obtained in these two configurations. The anechoic chamber polar 
plots also show some distortion but not as much as with the closed 
test section. A close approximation to free field conditions was 
obtained with the anechoic chamber with end treatment. As shown in 
Figure 38 there is, however, some distortion of an opposite nature 
resulting in sound levels lower than equivalent free field data in the 
120° and 150° positions. 
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At microphone positions 1 through 8 both sound pressure levels 
and reverberation times were measured. Figures 40 and 41 display 
sound pressure level spectra obtained at microphone locations 2 and 
3. The dashed portions of these graphs indicate background levels. 
The data indicate that the highest levels result in the configura- 
tion with the closed test section with no treatment. Adding treat- 
ment to this configuration results in a 2 to 3 dB reduction of sound 
pressure level. The addition of the anechoic chamber v;ithout end 
treatment allows an additional 5 to 6 dB reduction. The lowest 
sound pressure levels and apparently minimum signal distortion is 
obtained with the anechoic chamber with end treatment, where an 
overall attenuation of 10 to 15 dB is realized over the closed test 
section configuration. The best attenuation is in the range between 
250 hz ana zuuu nz , corresponding to the highest sound absorption 
coefficients of the end treatment. 
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A comparison of sound pressure level spectra at microphone locations 
1 and 8 with data from the AMRDL 7- x 10-foot wind tunnel is presented 
in Figures 42 43. The AMRDL data are the same data as plotted in 

Figure 26 for a distance of 10 feet. Figures 42 and 43 are plotted 
in a non-dimensional form. The abcissa contains the non-dimensional 
parameter, f^d/a^ where d is the largest cross-sectional dimension 
of the test section, f c> is the octave band center frequency and, a Q , 
is the speed of sound. The value used for a Q was 1127 feet per second. 
The ordinate is plotted as sound pressure level referenced to free 
field. All these data were taken with flat spectral content input 
from the source and the microphones in all cases were 10 feet from the 
source. The dashed portion of these curves indicates predominately 
background noise levels. The peaks of these curves are over the same 
range but the AMRDL peaks at much larger values. Annarenr.lv the 
reverberation effect is enhanced by the steel plate construction. 

Figure 44 is a display of primary and secondary modes of reverbera- 
tion time for microphone locations 5 and 6 at preferred octave band 
center frequencies. Reverberation times could not be found below 
250 Hz because of external background interference. This external 
source was the compressor that was mentioned previously. The primary 
modes apparently are not frequency dependent and change only when end 
treatment is added. Without end treatment the values of reverberation 
time are about 2.8 seconds, when end treatment is added this value 
drops to about 2.2 seconds. The reverberation time does not appear to 
depend on the actual test section configuration. The secondary modes 
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of reverberant times show erratic frequency dependence. The addition of 
end treatment apparently attenuates many of the secondary modes found 
without end treatment. 

Results and Discussion 

Background Noise . - The collection of background noise data lead to the 
conclusion that the fan noise dominates, as a background source. The 
sixth power of velocity dependence shown in Figure 34 reflects this 
fact. However, below 40 miles per hour a velocity cubed dependence 
exists. This probably results from the fact that the fan is operating 
at a lower speed than it was designed for. The blade twist is no longer 
correct at the lower speed and the blade is probably stalled in 
regions close to the hub. This causes a broad wake and produces 
noise. Fan pitch control could overcome this problem. However, the 
fan is the dominate source of tunnel background noise in the test section. 
Any noise reduction modification to the tunnel should be concerned with 
this fact. 

A surprising fact can be seen in the measurements, displayed in 
Figure 34. Both the data from the closed test section and with the 
anechoic chamber are nearly the same level while 1/3 octave band data 
'show a 3 dB to 5 dB difference. This is especially prevalent above 
40 miles per hour. Also both sets of data follow the velocity cubed 
and sixth power slopes rather well. This implies a strong reverberant 
response by the wind tunnel to the fan noise. This fact is also shown 
by the normalized data in Figures 35 and 36, since these normalized 
curves show similarity to response curves of Figures 40 and 41. The fact 

that the response curves are the same general shape as the normalized 
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fan background spectra and the fact that these sets of curves both show 
maxima in the same frequency range also implies a strong wind tunnel 
reverberant response to the fan noise. 

Steady State Response . - The effect of the various treatments used was 
assessed from the steady state response data. The directivi.ty patterns 
obtained indicated that the closed test section without end treatment 
results in a highly distorted acoustic signal. Adding end treatment 
attenuated some of the reverberant response but the directivity pattern 
was still distorted. The anechoic chamber provided a large drop in 
signal distortion over that realized with the closed test section 
configurations. Directivity patterns in the anechoic chamber showed a strong 
similarity to the expected free field patterns. End treatment coupled 
with the anechoic test section gave the best overall results. The 
deviation from the expected free field noise pattern was within 3 dB. 
Measurements of spectra also indicated that the least signal distortion 
was obtained with the open jet configuration and end treatment as expected. 

The reverberant response of the two wind tunnels when suitably 
normalized xvith respect to a characteristic length and acoustic velocity 
lias a .similar frequency dependence. The steel panel construction of 
the AMRDL wind tunnel produces considerable enhancement of the reverbera- 
tion effect. These data also indicate qualitative comparison can be 
made with different wind tunnels of approximately the same configuration. 



Impulsive Response . - The effect of end treatment was apparent in 


reverberation data. The primary mode reverberation times were reduced 
by about 20 percent with the addition of end treatment. At the same 
time, secondary modes, especially at higher frequencies were completely 
eliminated. 

One feature noted in the closed test- section without end treatment , 
was a Teveling off or even a slight increase or the signal during 
decay, followed by a return to the same decay rate. This is shown in 
Figure 45. In checking, it was found that the interval between- these 
"bumps" in the decay was 0.08 to 0.12 seconds. The time for sound to 
travel around one circuit of the tunnel is 0.105 seconds based on 
centerline distance. Therefore, these "bumps" were probably due to the 
decaying signals completing one circuit around the tunnel. This 
-oecurreaee was suppressed with the •arre'choi'c chamber and was coiirpTetelv 
eliminated when end treatment was added with either test section con- 
figuration. 

From the measured reverberant times, T^., absorption coefficients 
could be calculated from the Sabine formula, 

. 049 V 

a = s""t 

r 

ysing the cited data and the wind tunnel volume, V, of 5000 cubic feet 
and surface area, S, of 2950 square feet, an average absorption 
coefficient, a, of 0.24 without treatment .and 0.29 with end treatment 
was computed. For comparison the steady state sound pressure was used 
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to predict the absorption in the form 
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This results in a prediction of a = 0.086 about one-third of the value 
found using the Sabine formula. This type of disagreement implies that 
■the application of simple reverberation theory to a complex geometry, 
auch as. a wind, tunnel, is, not sufficient. 

An attempt was made to predict the sound power of the source 
using the steady state data taken in the wind tunnel and the previously 
cited relation for a semi-reverberant chamber: 
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Rear ranging and taking 10 log at both sides, results .in 
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= sound pressure level (ref. 2 x 10 dynes-/- cm”) 
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= the absorption coefficient calculated from 
reverberant times 
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wind tunnel surface area 



62 . 


The power levels obtained are shown in Figure 46 along with an 
average of the calibrated power levels in Figure 28, 

Two cases were used for the sound pressure level to predict 
power levels. These were microphone position 8 with the closed test 
section and microphone position 7 with the anechoic chamber. The 
.power -levels from the microphone position 7 agrees well with the 
calibrated power level. However, the data from microphone -.position 
8 does not agree with the calibrated curve. This fact indicates that 
the simple theory used here is not suitable for application in the. 
complex environment of the wind tunnel. 
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V. CONCLUSIONS 


The body of this report contains an evaluation of existing 
aeroacoustic facilities, a review of theory which may offer some guidance, 
and a summary of experimental data on the acoustic response of wind 
tunnels. From this rather scanty body of knowledge, one is faced with 
arriving at a decision regarding the suitability of using a conventional 
wind tunnel for aeroacoustic research. It is concluded, with some 
qualification, that meaningful data can be collected in a low speed facility 
such as the USAAMRDL 7 x 10 wind tunnel. The reservation is that extensive 
acoustic treatment is required, special data aquisitions techniques are 
necessary and careful consideration must be given to the selection of 
model scaling and the types of experiments that can b'e accomplished 
.suceass-f u-ily . 

As far as is possible, specific suggestions are given concerning the 
type of acoustic treatment required. In certain areas, specific data on 
the USAAMRDL facility are lacking and problem areas can only be anticipated 
without offering specific solutions. A discussion of facility limitations 
and suggestions for further work are also given. 

Recxcanendat-ions for Tunnel Modifications 

Any .modification program should be aimed at the test section. Based 
on all that is known,, acoustic treatment in this area will reap the most 
benefit. In considering what should be done, there are several factors 
that must be considered. Consideration should be given to a balanced 
design, i.e., all possible uses of the tunnel should be considered. 
Aeroacoustic research may only be a fraction of the test program. With 
this in mind, any modifications should not result in a loss of capability 



64 


for testing in other aerodynamic fields. Secondly, the modifications 
should provide a quantum change in the acoustic properties of the tunnel 
as it now stands. Thirdly, the whole program should be carried out at 
reasonable cost. 

The approach that most closely satisfies the constraints involved 
appears to be the use of a closed test section with resonant nbso.rb.er 
type treatment as developed in the NASA Quiet Engine Program'. This 
treatment would be backed by standard fiberglass absorptive material to 
insure treatment over a wide frequency range. Of the eleven aeroacoustic 
facilities cited in Table II, none have used this approach. With this 
in mind, the pro and cons of the various avenues of approach should be 
considered in detail. 

It has been accepted" without question that an open jet faeility- 
•with an- anechoic test section is the best possible solution. There are 
however many problems associated with this type of facility which should 
be kept in mind. 

The aerodynamic properties of a given wind tunnel will change 
drastically if converted from a closed test section to an open jet mode. 
Severe flow instability can be encountered and has been experienced 

i 

in some facilities. This problem is overcome through proper collector 
cowl design. No.t to be discounted is the extensive region of turbulent flow 
induced in the mixing zone of the jet. Large scale velocity fluctuations 
are sensed even at the centerline of the jet. Measurements of Von Frank (23) 
shown in Figure 47 indicate that an open jet leaving the nozzle with only 
a 0.07% turbulence level has a turbulence level of 1.25% at the centerline 
at 2 diameters from the nozzle. This is due to the intermittent incursion 
of large scale eddies from the mixing zone. Measured values of near field 



65 . 


pressure in an open jet, reported by Barefoot (24) are shown in Figure 48. 
The numbers in parentheses are the sound pressure levels equivalent to a 
jet velocity of 100 meters per second. The upper portion of the diagram 
corresponds to data obtained in a jet with a 10:1 ellipsoid of revolution 
placed in the potential core. The lower portion of the graph contains 
data for an unperturbed jet. Inspection of these data indicate that 
irt-fero phone placement within the anecheic test 'section will be severely' 
limited and complete directivity patterns will be difficult if not 
impossible to obtain. Further problems with an open jet are evidenced 
in the refraction effects suffered by the sound field passing through 
the shear region surrounding the jet. Experimental data demonstrating this 
effect where presented in Section III (Figures 16 and 17). Under certain 
cphd’i tlpns refraction corrections would:. be:- resc'sb ssity, wjs±qflt for:, th'3- 
■ eem.pl i cate d source system associated, with a rotor will be very unwieldy. 

The refraction correction is a function of the type and orientation of 
elementary sound sources. Any analytical correction would necessarily be 
a function of the test object and it would be difficult to predict. 

Another problem that has been experienced in open test section 


configurations is inter-collector resonance. This problem has been 
experienced in the NSRDC Anechoic Wind Tunnel and the United Aircraft 
Research Laboratories Acoustic Wind Tunnel which is, described in. Section. II 
The edge tone mechanism occurs when a disturbance originally generated 
at the nozzle tip is converted downstream in time to impinge on the 
collector cow t 1 and generate a new disturbance which propagates back in 
phase with another disturbance being generated at the nozzle. The problem 
was resolved for the NSRDC wind tunnel by modifying the collector cowl. 



The modified collector reduced the size of the secondary vortex so that 
interactions between it and the nozzle were reduced, btit they were not 
completely eliminated. One solution suggested by the UARL staff was to 
vary the length of the jet since the edge tone is a strong function of 
jet length. However, this possibility was excluded because the length 
would have to be reduced to a point where the collector and nozzle 
would interfere with directivity patterns due. to scattering.. Th<= 
final solution used in the UARL wind tunnel was to use a tab arrange- 
ment to break up the disturbances at the nozzle. This reduced the 
background noise in the range below 3000 Hz but increased the background 
noise by 3dB above this range, as shown in Figure 3. The inter-collector 
resonance was a critical problem in the NSRDC and UARL wind tunnels 
until some type of solution was found to minimize it. Other o'freft 
test sections probably have a similar effect but it is minimal due 
to a fortuitous combination of jet length, jet velocity and collector 
shape. The edge tone occurrence will have an effect which may or may 
not be minimized. In addition to the turbulence and refraction effects, 
the open jet induces a circular pattern of flow within the anechoic 
chamber which can induce self noise at the microphone. 

Further problems with open jet configurations are evidenced when 
testing nigh lift systems. Jet deflection occurs, which in some, cases is 
severe, producing a flow situation in the test section which is distinctly 
non-uniform resulting in additional background noise, flow instability 
and self noise at the microphone. It is also difficult to correctly model 
the aerodynamics of a high lift system in an open jet. A quote from 
Heyson's (25) study of jet boundary corrections for V/STOL aircraft 
models illustrates the problem: "Under similar conditions with an open 
floor, large distortions of the lower boundary will occur so that, in 
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practice, the corrections will be indeterminate. For this reason the 
use of completely open wind tunnels for low speed and high lift 
coefficient testing is not recommended" . 

The jet deflection will cause further problems by increasing the 
background noise levels. This has been investigated at the UARL Wind 
Tunnel and results are shown in Figure 5. This results in a 10 dB 
increase for a 4 degree deflection. The mechanism for this xo..crea.s.e 
is the fact that higher velocity portions of the shear layer impinge 
on the collector lip. For a model rotor system deflections will be much 
higher than the 4 degrees tested in the UARL wind tunnel. For this 
reason the method of correcting this problem at UARL will probably not 
work when a high lift system is being tested. The method used at UARL was 
to- increase, the area of the collector. For a substantial d'e-f ieo-tfoh a'- 
very large area increase would be necessary. 

One advantage with an cpen test section configuration is the fact 
that it is easy to provide an anechoic test, section. Because it is open 
the sound radiates away spherically and anechoic conditions can be 
provided by "wrapping" an anechoic chamber around the test section. 

This also allows placement of microphones at relatively large distances 
from the model. 

Another disadvantage to be considered with an open test section i-s 
the instrumentation. Noise measurements in an open test section/anechoic 
chamber can be made outside the flow. This can be done with standard 
microphones without developing a special probe to be used in flow. 

There may be some self-noise or pseudo-sound due to the large eddy 
structure within the anechoic chamber. This eddy structure is shown in 
Figure 49 after Brownell (25) , and has been confirmed in the Aerospace 
Wind Tunnel by probing jqith a tuft on a rod. A nose cone would not 
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be much help because it would be difficult to align with the flow. 

However, the velocities should be low enough not to cause high self 
noise problems. 

Finally, the noise measurement constraints for this configuration 
must be considered, 

a) Microphone should be kept at least one wavelength, of the 
lowest frequency sound being- measured, away from the source. 

b) Microphone should be kept one quarter wavelength away from 
the wedges of the anechoic chamber. 

c) Microphone should avoid the corners of the nozzle and collector 
to prevent scattering. 

d) Microphones should be. kept: out of the flow since standard 
instrumentation is used. 

e) Microphones should be kept out of the nozzle and diffuser to 
avoid reverberant problems. 

The alternative to the cited problems with an open jet configuration 
is of course retention of a closed test section if the tunnel is already so 
equipped. Without treatment, the reverberation effects will be too severe 
to consider any serious- acous-tic testing. However, considerable strides have 
been made in developing hard wall surfaces with good sound absorption- 
characteristics. Treatment in a closed test section might consist of a 
porous wall backed by a resonant chamber for low frequency attenuation and 
a fiberglass blanket for high frequency attenuation. The frequency range 
of the low frequency treatment can be broadened by tuning 
adjacent walls for different frequencies as shown in Figure 14. The 
results of the calculated absorption in the AMRDL 7 x 10 foot wind tunnel 
using the procedure of Beranek (18) are shown in Figure 50. Here the predicted 
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increase in hall radius is shown as a function of frequency. This 
calculation is based on the predicted change in absorption in Sabines 
over that found from reverberant decay measurements with an impulsive 
sound source. This type of comparison is qualitative at best, since 
the definition of hall radius is based on the idea of a semi-reverberant 
room. The region within the hall radius is dominated by the direct 
field and presumably measurements within this region contain little 
contamination from reverberation effects. 

Another problem with a closed test section is the fact that all 
measurements must be made within the flow. Additional problems then are 
the self noise of the microphone and the pseudo-sound inherent with 
natural turbulence in the flow. Figure 51 contains a comparison between 
the measured background level in the AMRDL 7 x 10 foot wind tunnel and the 
reported f.27’1 self noise of a R K yfndei A1 mi r'.wohono with no«e c <■>*>», 
In this particular case improvements in tunnel background noise would have 
to be followed by improvements in instrumentation. The frequency 
distribution of this self noise is rather flat as seen in Figure 52. Here 
a comparison is made between the 1/3 octave spectrum of the B & K 
microphone, the background level in a rather noisy wind tunnel and the 
predicted pseudo-sound due. to a !%• turbulence level. The pseudo-sound 
is estimated from the pressure intensity in isotropic flow: 



A flat spectrum is assumed over 3 decades and corrected to equivalent 1/3 
octave bands. In this case substantial reductions in background noise may 
be made without the necessity to improve the instrumentation at low 
frequencies. At high frequencies improvements in instrumentation are 
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necessary but would be in vain due to the pseudo-sound noise floor. 

In other words, a balanced approach to the. problems of wind tunnel 
design involves both the wind tunnel itself, and the instrumentation. 

Several authors cite pressure measurements in turbulent flows which 
are summarized by Barefoot (24). It is believed that some of this 
experience can be directed toward the problem of noise measurements in 
flox-7. One problem appears to be the use of a screen covered opening 
in the design of most wind screens. This induces turbulent flow and 
resulting self noise. Experience shows that four equally spaced holes 
around the periphery of a streamlined pressure probe perform the same 
function of space averaging the pressure field. The lack of sensitivity 
to flow angle for such a probe as measured by Barefoot (24), is shown 
in Figure 53. The idea here is to keep the flew laminar over the body. 

At high flow velocities a body with a favorable pressure gradient over a 
considerable length "is necessary. Such bodies can be easily developed. 

An example is shown in Figure 54 from Eisenberg (28). This body has the 
same shape as the cavity behind a disk in supercavitating liquid flow. 

Since the walls of the cavity are a constant pressure surface, a similar 
shaped body has the same pressure distribution. Bodies of similar shape 
may be useful for enclosing microphones. The authors believe an improved 
probe can- be developed along these lines that would give a 20 dB improvement 
in seif noise over a standard microphone with nose cone. 

Another major consideration is that the far field is at least one 
wave length away from the source. This places restrictions on the model 
scale in certain positions. The confining walls of the test section limit 

the distance a microphone can be positioned from the source. However, a 
properly designed closed jet test section will allow sound measurements 
in the region of the tunnel centerline which are usually not possible with 
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an open jet configuration. Again the idea of balanced design crops up. 
Treatment at the wall should be such that the hall radius, possible 
microphone positioning and typical scale-frequency combinations all 
be considered together. By this it is meant that if the physical size 
of the test section places a lower limit on frequency, then it is not 
practical to go to the expense of providing acoustic treatment for much 
lower frequencies. (The major expense in acoustic treatment being the 
problem of absorption in the low frequency range). 

In considering the pros and cons of the two types of test sections, 
the authors believe that a closed jet test section provides a cost 
effective alternate to the more or less standard open jet configuration. 
The technology for hard wall acoustic treatment can be drawn from other- 
fields, i.e., the NASA Quiet Engine Program. Constraints on model scal- 
ing and directivity information are outweiehted bv the utility of the 
closed jet configuration in areas other than .aeroacoustic. Objections 
to measurements within the flow can be overcome with the development 
of instrumentation that is within the state of the art. 

Another portion of the wind tunnel that requires treatment is all 
four corner sections. Treatment is recommended here for both the 
end walls and the turning vanes. It is suggested that: all end walls 
aroundphe turning vanes be treated. Here end walls refer to all flat 
surfaces in the corners, i.e., walls, floor and ceiling. Recommended 
treatment is fiberglass blankets or boards covered with some combination 
of perforated metal, screen and mylar to prevent flow erosion of the 
fiberglass. The fiberglass covering material to be used depends on the 
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flow velocity in a particular corner. This treatment could be mounted 
in two configurations. One configuration would be to mount the fiber- 
glass and covering on existing wind tunnel surfaces. However, this is 
prohibitive due to added tunnel blockage and also more extensive covering 
would be required. The second mounting would be to remove existing sur- 
faces in the corner and mount the covering flush with the walls with the 
fiberglass behind this. The walls would then be replaced behind the 
fiberglass as a hard backing and support for the treatment. The dis- 
advantage of this type mounting would be the expense of removing the 
walls and replacing them behind the treatment. However, this second 
type of mounting does not restrict the thickness of the fiberglass 
which will determine the amount and frequency range of attenuation. 

The recommendation by the authors is the use of 2 to 4 inch thick fiber- 
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the treatment would not be cost effective. The screening to prevent 
flow erosion should closely follow Table 10.8 of Beranek (18), Figure 
55 herein. This table lists necessary protection for fiberglass treat- 
ments for flow velocities up to 300 feet per second. Appendix C lists 
various manufacturers of standard fiberglass treatment and screen coverings. 

The functions of this treatment differs for the front and back 
corners of the wind "tunnel. The front corners, at the end of the test 
section leg of the wind tunnel, are treated to reduce reflection of 
sound from the source back to the test section, thus providing more 
nearly anechoic conditions in the axial directions. The back corners, 
at the end of the fan leg of the tunnel, are treated to attenuate 
background noise from the fan and prevent most of this sound from reaching 
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the test section. The treated front corners will also reduce the fan 
noise and other background sources to some extent. The treated comers 
will reduce secondary decay modes and the decay "bumps" described in 
the experimental section of this report. This type of corner treatment 
will also reduce the tunnel reverberant response. 

Correct i ons to S pec ific Problems 

This section serves as a guideline to correct specific problems 
that may or may not exist after the test section and tunnel elbow 
modifications have been made. The data that is presently available 
is not sufficient to determine if certain problems will exist in the 
, USAAMRDL 7-xlO-foot wind tunnel. However, testing in the one. 
tenth model of this facility may help in determining if there are 
any aerodynamic problems associated with the proposed modifications. 

If the background spectra in the test section arc higher than 
desired in the upper frequency range and if the source of this noise 
is determined to be the. fan, then turning vane treatment is required. 

The turning vanes will tend to focus high frequency sound around 
corners \\dthout allowing it is be absorbed by the end wall treatment. 

This treatment could be in the form of porous acoustic material which 
could take on an airfoil shape as cited by Bauer and Widnali (4). 

Damping material could be used to prevent "singing" of the turning vanes 
if this should be a problem. 

If low to midrange frequency background noise from the fan or ether 
sources is found in the test section and if most of this noise if found to 


be propagating to the test section from the downstream direction, then it 
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is recommended that the diffuser be redesigned and a muffler be added 
to the diffuser. If this problem does exist most of the noise will be 
propagating from the downstream direction. The nozzle reflects lower 
frequencies away from the test section. This is demonstrated by 
Schultz (14). The type and design of the muffler will depend on what 
frequency range is troublesome. 

If there is a high background sound level in the test section 
from sources other than the fan, then fiberglass treatment is necessary 
in selected areas. These areas depend on the source and magnitude 
of the background noise and must be selected by experiment in the wind 
tunnel or model tunnel. The covering of the fiberglass should be 
selected from Figure 55 from Beranek (18) . 

If there is a high background sound level from the fan for specific 
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stalling. A number of corrections to this problem are possible. First, 
corresponding test section velocities can be avoided. Fan pitch con- 
trol and fan speed control may be necessary. The fan could also be 
redesigned for low noise and high efficiency over a large velocity 
range. If this background noise is pure tone in nature, then the 
distance between the rotor and stators should be increased. The effect 
this will have is shown in Figure 56. 

A panel excited vibration can be corrected by reinforcing or 
sandloading- the troublesome panels. If the source of panel excitation 
is determined to be secondary corner flows, then corner fillets will 
eliminate the excitation source. If the vibrations are excited by the 
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fan or powerplant, then vibration isolation and vibration decoupling 
the source is necessary. If the source of vibration is something 
foreign then the tunnel should be vibration isolated from the 
foundation. 

The problems outlined above are the most probable ones that might 
be found in the 7-xl0-i:oot wind tunnel. Other problems would probably 
be related or be treatable by the methods outlined above. All recommenda- 
tions are reiterated in Table IV. 

Experimental Procedures 

to facilitate making noise measurements in a wind tunnel various 
experimental procedures are recommended. By proper scaling techniques, 
the noise from a model rotor can be scaled into the frequency range 
where the acoustic treatment provides optimum performance. This 
would insure maximum benefit from anv acoustic treatment- Correlation 
techniques described in this report may prove extremely useful in 
extracting the rotor noise signature from the background noise. 

The use of microphone probes within the flow has not reached the 
peak of possible development. Recently Arndt and Nagel (29) reported 
the use of a pressure probe to obtain near field data. These data 
gave considerable information about rotor noise harmonics not evident 
in the far field signal. Figure 57 and 58 present a comparison of 
near field and far field data obtained under comparable conditions. 

The microphone probe was positioned upstream of the rotor in such a 
manner that contamination from broadband components of the rotor noise 
are almost eliminated. Note the higher harmonics in the near field- 
spectrum which are masked by broadband components in the far field 
noise signature. Arndt, et al. , (30) and Barefoot (24) have successfully 
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used such probes to measure pressure intensity and- cross correlation 
of the pressure field in the mixing zone of an open jet. This type 
of probe appears to be far more satisfactory than the use of conven- 
tional microphones with wind screens. 

Data Correction 

Perfect acoustic properties will not be achieved with any 
reasonable modification of an existing wind tunilel. However, data 
correction procedures, such as first suggested by Hartman and 
Soderman (5) and revised to include frequency dependence by Arndt 
and Boxwell (11) may be proved valid after treatment reduces the 
magnitude of the correction. Several correction techniques discussed 
in the previous sections may also prove suitable.. Aerodynamic, corrections, 
discussed in this section will also be liecessary. 

L imitatio ns on Experimental Resear ch 

Although the state of the art in acoustic treatment, aerodynamic 
theory 7 , correlation analysis, etc., can be utilized to achieve reason- 
able success in a rotor acoustic research program, it should be 
emphasized that certain limits will exist after full utilization of 
the suggestions in this report. Cost constraints will limit the 
amount that background noise and reverberant buildup can be reduced. 

This will set a lower limit on the noise level of a model rotor. 

Further theoretical analysis is also required to gain confidence in 
the correlation techniques just now being reported in the literature. 
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Suggestions for Further Work 

Although the data base is limited, there appears to be enough 
evidence to indicate that the USAAMRBL 7-xlO-foot wind tunnel can 
be modified to permit aeroacoustic testing. Therefore it is suggested 
that a detailed, design study be initiated at this stage, incorporating 
the suggestions contained in this report. Coincident with this study 
there should be a test program to evaluate the aerodynamic and 
acoustic properties of the test section. Aerodynamic tests can 
evaluate the influence of slots or holes in the test section walls 
with regard to possible surging boundary layer buildup and its 
influence on diffuser performance, etc. This work can be carried 
out in the 1:10 model of the subject wind tunnel. 

A study should be made to. include but. not to be limited to, 
selection of hard wall acoustic treatment with maximum att entnafi on 
in the frequency range where reverberation effects are at. a maximum, 
an in-depth study of acoustic modelling including the additional 
effects of air absorption due to frequency shift, variations in 
materials, and the frequency dependent absorption characteristics 
of acoustic treatment. Consideration should be given to modelling 
the effects of reverberation in the tunnel circuit on the acoustic 
properties of the test section. A model scale should then be selected 
and a model designed. 

At the present time a 1:2 scale would appear to be best for 
acoustic tests. The influence of reverberation could be handled 
by designing the model such that ends can have either anechoic (with 
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wedges) or hardwail termination. Data should be collected to first 
evaluate the accuracy of the tuned chamber design procedure and to 
study the influence of additional absorptive material in the chamber. 
The extremes of anechoic and hardwail termination should give an 
estimate of the overall effect of the treated test section when 
coupled to the entire wind tunnel circuit. Information should be 
gathered on the relative influence of wall porosity and configuration 
such as holes or slots. This work should be coincident with the 
aerodynamic testing. 

Finally, an assessment of the probable types of vehicles that 
will be tested in the future should be made to obtain an intensity- 
frequency envelope in which noise measurements will probably be 
made. This will determine the type of probe design that would be 
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consideration since the decision to use a closed jet test section 
should be based both on acoustic performance of the tunnel and the 
ability to collect acoustic data within a flow. 
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Suninar y 

The present use of conventional wind tunnels in aeroacoustic research 
is probably limited to qualitative evaluations of relative noise levels 
from various configurations. The acoustical properties of such facilities 
are extremely complex and simple correction procedures based on the simple 
theory for a semi-reverberant enclosure do not lead to accurate answers 
for complex acoustic problems. Suitable acoustic treatment can lead to 
an acceptable aeroacoustic facility. It is suggested that consideration 
be given to a treated closed jet configuration. 

In conjunction with any acoustic modifications, improvements are necessary 
in the types of microphone probes used to collect acoustic data in a flowing 
media. Proper selection of model sice is necessary to insure that the fre- 
quency range of interest, falls within the acoustic capabilities of the 
facility. Further research is also necessary to improve acoustic signal 
detection techniques to allow measurement of directivity and spectral 
density in a less than ideal acoustic environment. 
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Figure 1. NSRDC Anechoic Wind Tunnel 
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Figure 3. Effect of Inlet Tabs on Background Noise Spectra 
(After Paterson, et al (1)) 
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Figure 5. Investigation of Deflected Jet Noise 
(After Paterson, et ai (1)) 





Figure 6 . M.I.T. Acoustics and Vibration Laboratory Anechoic Wind Tunnel 
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Figure 7. Muffler Transmission Loss between Inlet 
and Exit Measured in 1/3 Octave Bands 
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Figure 8. Background Noise Level in 1/3 Octave Bands 
in Reverberant Chamber with Closed Duct 
Test Section 
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Figure 9 . M.I.T. Department of Aeronautics and Astronautics Wind Tunnel 
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Figure 10. SPL Measurements of Background Noise in 
Test Section Corrected to j./3 Octave Bandwidth 
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Figure 11. Measurement of the Attenuation of a Noise 
Source Located in the Return Section 
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Figure 13. NASA Ames 40- x 80-Foot Wind Tunnel 
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Figure 14. Results of Sample Calculations of Design 
Procedure for AMRDL 7- x 10-Foot Wind Tunnel 
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Figure 15. Results of Sample Calculations of Design Procedure of 
AMRDL 7- x 10-Foot Wind Tunnel 
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Figure 16. Jet Ref 
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Figure 17. Effect of Jet Velocity on Directivity 
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Figure 21- AMRDL 7- x 10-Foot Wind Tunnel 
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Figure 24- AMRDL, Free Field and Tunnel Broadband Noise Level vs Distance 
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Figure 28- Calibrated Power Cruves 




Figure 29-- Microphone Locations in Aerc Wind Tunn 
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Figure 3Q.' Background Spectra with Flow with Closed Test Section 
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Figure 31 . Background Spectra with Flow with Anechoic Chamber 
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Figure .34. Overall SPL vs Logaritnn of Test Section Velocity 
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Figure 40. SPL Spectra at .Microphone Position 
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Figure 42. Non-Dimensional Spectra, for AMRDL and Aero Wind Tonne 
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Figure '43. Non-Dimensional Spectra for AMRDL and Aero Wind Tunnel 
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Figure 46 . Predicted Power Levels 
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Figure 48. Pressure Field in Unperturbed and Body Perturbed Jets 


Note: Numbers in parentheses correspond to SPL in dB 

re: 2 x 10 - ^ dynes/cm^ at a tunnel speed of 100 

meters/sec. (After Barefoot (24)) 
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1-i.gure 51. Background Noise Level in the AMRDL 7-xlO-Foot 

Wind Tunrel ■ 
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Figure 52. Typical Comparison between Tunnel Background Noise Level, Microphone 

Self-Noise and Turbulence Pseudo-Sound, U = 90 mph 
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Figure 53. Influence of Angle of Attack on Microphone Probe 

(After Barefoot (24)) 
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Figure 56 . Effect of Axial Separa:ion of Fan and Stator Blades 
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FREQUENCY IN HERTZ 

Figure 57. Far Field SPL Spectra of Model Rotor at 3000 rpm, 10° Pitch 
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FREQUENCY IN HERTZ 

jure 58, Near Fiald SPL Spectra of Model Rotor at 3000 rpm, 10° Pitch 
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APPENDIX A. INVESTIGATION OF PANEL DAMPING ON REVERBERANT BUILDUP 


During the course of this investigation the question of the effect 
of damping material on the outside of the tunnel was considered. The 
problem was to determine what happened to reflected energy, and if it 
could be decreased by using a viscoelastic material on the outside of 
the tunnel. This type of treatment would be easy to apply and would 
serve the additional purpose of raising the resonance frequency of the 
panels . 

To investigate this question a single panel was considered as a 
series of spring-mass-damper systems, as shown in Figure A-l, where 
p^ is the incident pressure, is the transmitted pressure, and p^_ 
is the reflected pressure defined by, 

P. ■ A, e 1( “ t - k l x) (A-l) 


P 


r 


g i (wt+k x) 


(A- 2) 


= A. 


i(wt-k-x) 


(A- 3) 


The displacement of the wall is uniform and equal to £ normal to its 
space, £ is the panel velocity, both positive in the positive x 
direction as shown in the figure. The constants are defined as, m, 
the mass per unit area, k^, elastic force per unit area, b, damping 
constant. The damping constant is made up of two parts, the damping 
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inherent in a real spring, i.e., panel, kq/w, and the added damping, b . 

3 

Therefore, b = kq/w -I- b . The differential equation to be solved is, 

3 


m + (2pa + b) ^ + k£ = 2A e"'' aJt 
dt 2 dt 1 


(A-4) 


The solution to this equation results in the particle displacement 
at x = 0 , 


2A„ 


= 


(k - co m) + iu) (2pa 4* b) 


(A-5) 


The particle velocity at x = 0 is obtained through differentiation 
of equation (A-5): 

2A. 




i (wm - k/oj) + (2pa + b) 


(A- 6) 


The transmitted nressijre ainnlitnde A = Oaf to m non Kir 
• ‘ ' Z • - - 0 » -- « 


A 2 


b + i (com -• k/oi) 


1 + 


2pa 


(A- 7) 


From continuity of velocity, 


A 1 B 1 A 2 


(A-8) 


Defining B-^/A^ as t ^ ie f ract ion of reflected energy the result is, 


1 

A 1 A 1 ^ + b + i (him - k/oj ) 

2pa 


(A-9) 
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In the undamped case the fraction of reflected energy is, 



1 ~ 


1 

i (bim - ic /to) 
1 2 pa 


Therefore, the effect of adding damping to the outside of the 
tunnel would be to increase the fraction of energy reflected over the 
entire frequency range. The added damping apparently would be 
detrimental to the purpose at hand by causing a reverberant buildup. 
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APPENDIX B. DESIGN PROCEDURE 


The design procedure described in Section III is given here in 
detail. Also shown are sample calculations from which the results in 
Figures 7 and 8 were obtained. Figure 7 also shows the duct with 
appropriate dimensions. Theis design procedure is taken from Beranek(14) 
Section 15.3. 

- Step 1 Choose the duct height h. Choose this as small as 
possible because attenuation increases rapidly with decreas- 
ing duct height. The choice of h also governs the bandwidth 
of the attenuation curve. 

Sample h = 3.5 ft. 

Step 2 Choose the frequency f where maximum attenuation is 

desired, and using h from step 1 calculate the frequency 

parameter n = 2h f /a 
o o o 

Sample f = 400 hz 


2 • 3,5 ft. * 400 hz 
n 0 ~ 1127 ft/sec 


2.49 


S tep 3 Calculate the depth d of the treatment 
3 

d = 2.9 x 10 /f p (inches). Find size of honeycomb cells 
o o 

6 < A 0 /4 


Sample 


_ 2.9 x 10 . 

d (400) (2.49) “' 93 ln 

a < , mi . 1 

4 400 4 


.70 ft. 
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Step 4 rind the thickness, t> of the porous layer, t < A /10. 

And calculate the flow resistance R. = 1.5 x 10 /t (mks 

l o 

rayls/m, t in inches). 


Sam ple 



1127 

400 


1 _ 

10 


.27 ft. 


t < 3.38 in. 


= (1.5 x 10 4 ) (2.49) 
1 ~ 3.38 


1.1 x 10 4 


mks 


rayls/m 


Step 5 Calculate normalized flow resistance R^/pa = . 92r> . 
E — i o o 

From these data a suitable material can be chosen. The values 
R^ and R^ are related by R^ = R^t 

Rf 

Sample ~ = .92ri =2.29 

paQ 0 

S tep 6 Set up a table with values of 0 across the top. Use 
r) Q as one of these and a few higher and lower values. 

Sample See Table ?>-l for sample calculations of 
remaining steps. 

Step 7 On the next line find the frequency, f, corresponding 
to the values of f = r ia Q /2h. 

Step 8 ' Calculate normalized reactance of the lining for each 

3 

frequency, X/pa Q = 2.23 x io / fd (d in inches) 

Step 9 From tie values of n and X/pa find X/rjpa 
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Step 10 From the value R r /c& (Step 5) and X/pa. calculate 
.to o 

R,. R,/oa 
f _ f 1 o 

X ~ X/pa 

o 

Step 11 From Figure B-l and the values of R^/X from Step 10 
find |z|/X and <J). For each value of R^/X enter the graph from 
the right-hand scale, project a horizontal line to the curve 
marked R^/X. From the point drop a vertical line to the curve 
marked |z|/X. From this point read the values of | Z ] /X from 
the left, hand scale and <j> from the lover horizontal scale. 

Step 12 Find izj/ps^rjby multiplying values of |zj/X by the 

correspondong value of X/pa n. 

o 

Step 13 For each pair of values jzj/pa f| and <j>, select the design 
curve of Figure 3-2 with the corresponding value of r]. For values 
H > 1 use the n - 1 curve. 

Step 14 Determine D , the attenuation in dB per length of duct 
equal to the height by entering the proper chart with the values 
|z|/paJ1and j) and interpolating among the contours. 

Step 15 To get the total attenuation for a length of duct L 
multiplying by L/h. 

Sample L = 15.6 ft. 


L/h = 4.45 
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Figure B-l. Design Curve - copied from Beranek (20) 









APPENDIX C 


The following is a partial .list of companies that manufacture 
standard acoustic treatments: 


1. 

Eckel Industries, Inc. 


2. 

Johns-Manville 


3. 

Armstrong Cork Co. 


4. 

Pittsburgh Corning Corp. 


5. 

Sintered Specialities Div. , 

Parker Pen Co 

6. 

U.S. Mineral Products Co. 


7. 

Arno A.dhesive Tapes, Inc. 


8. 

PPG Industries, Fiber Glass 

Div. 

9. 

Conwed Corp. 


10. 

Troymills, Inc., Industrial 

Products Div. 

11. 

Brokaw Cork Co. , Inc. 


12. 

Asbestospray Corp. 


13. 

Ultra-Adhesives, Inc. 


14. 

Markel Rubber Products Co., 

Inc. 

15. 

Deccofelt Corp. 


16. 

Flock Process Corp. 


17. 

American Rubber & Plastics 

Corp. 

18. 

The Aero acoustic Corp. 


19. 

Carev Electronics F;nc*i neerino C!r>. Wsj ? _i_ t. 

20. 

Vibration Eliminator Co., Inc. 

21. 

Dolphin Paint & Chemical Co 


22. 

Duracote Corp. 


23. 

Brunswick Ccrp. , Technical i 

Products Div. 

24. 

Celotex Corp. 


25. 

Owens - Corning Co. 




